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Foreword 


The early importance attached to residual welding stresses in ships, 
particularly as these stresses might affect structural performance, directed 
a large amount of research effort toward investigation of their effects. An 
extensive research program on full-scale weldments and on ships has 
yielded much information on the magnitude and distribution of residual 
stresses, but no conclusive evidence has been found to indicate how im¬ 
portant these stresses may be in causing fractures in welded ships. 

There is, therefore, a need for convincing information on the subject. 
This is indicated by the fact that conflicting opinions are held by persons 
of recognized ability in the field as to the actual influences of residual 
stresses on structural performance. Some hold that stresses locked into the 
ship’s structure as a result of fabrication practices do not contribute 
“materially” to failure; whereas others contend that these stresses can and 
do influence failure significantly. Thus a need is indicated for a critical 
examination and appraisal of contemporary knowledge of residual stresses 
and the conditions under which their effects become significant. 

The Ship Structure Committee, in cognizance of the value of such a 
survey, requested the Committee on Residual Stresses of the National 
Academy of Sciences-National Research Council to prepare a monograph 
summarizing and assessing the present state of knowledge on the effects of 
residual stresses upon the performance of various kinds of structures, with 
particular emphasis on possible contributions of these stresses to fracture. 
In order that the monograph might be complete in treatment and valuable 
to persons with interests allied to those of the Ship Structure Committee, 
the scope of the monograph was to be broad: consideration was to be 
given to the origin, magnitude, distribution, etc., of all types of residual 
stresses existing in a structure or a machine, whether they arose from 
welding, machining, or any other cause. With such a wide coverage, it was 
hoped that an assemblage of available evidence, when appraised as a whole, 
would enable formulation of generally applicable principles describing the 
modification of structural behavior which could be expected as a result of 
the presence of residual stresses. 

Experts were asked to contribute to the monograph, and the main body 
of the present work consists of their papers*. The opinions expressed by 
the authors of the papers are not necessarily those of the Committee on 

* The monograph was prepared under the terms of a contract between the National 
Academy of Sciences-National Research Council and the Bureau of Ships, Depart¬ 
ment of the Navy: Contract Number NObs-50148, Bureau of Ships Project NS- 
731-034. 
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Residual Stresses nor of the Ship Structure Committee 
agencies*. 


or any of its member 


The monograph was planned, supervised, and co-ordinated by the Com¬ 
mittee on Residual Stresses, and the Summary was written by them and 
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Editor’s Preface 


In preparing the papers of the monograph for publication, there was no 
straining for uniformity of style and notation. The point of view taken was 
to go along with the author in his preferences. I have heard many com¬ 
plaints and have complained myself of the arbitrary changes editors have 
made in manuscripts, and I have tried to avoid grounds for such com¬ 
plaints here. When changes of any consequence were made in any author’s 
text, they were always made with the approval of the author. The only 
major attempt to secure uniformity, as an aid to the readers, was in the 
listing of References at the ends of papers. 

In the Summary when an author is referred to without a reference num¬ 
ber, the reference is to his paper in the monograph. 

William R. Osgood 
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Effects of Residual Stresses on the Behavior 

of Structures 

F. CAMPUS 


Editorial Abstract 

The author begins by discussing three spontaneous fractures 
along the webs of I-beams, the ends of which had been flame-cut 
some hours or days previously. He then selects four cases of failures 
of structural elements which he considers typical of failures largely 
due to residual stresses, and discusses these briefly. 

There follows a critical section on the measurement of residual 
stresses. 

In a section on the origins of residual stresses it is pointed out 
that from the point of view of applied mechanics there is no dif¬ 
ference between macrostresses and microstresses. Direct (local) 
welding stresses and reaction stresses and their effects are dis¬ 
cussed. 

The latent energy represented by direct welding stresses is not 
considered of primary importance, but the author indicates that 
the energy associated with reaction stresses may be high and of 
grave importance. 

Residual stresses superpose with other stresses in exactly the 
same way and to the same degree as different stresses from other 
sources superpose. It must be remembered, however, that residual 
stresses may change, as under conditions of fatigue. Attention is 
called to a possible large effect on the system of stress as a whole 
by variations of temperature throughout the structure. 

The question is raised whether cracks have to be initiated, 
whether in fact they do not exist from the beginning and merely 
have to be propagated. In the propagation of cracks latent energy 
is considered to play an important role. 

Reference is made throughout the paper to pertinent examples 
in the author’s experience. 

1. Examples of Fractures in which Residual Stresses Played a Role 

The first example to come to the attention of the author which awoke 
his interest in residual stresses and their effects on the behavior of struc¬ 
tures occurred on March 9, 1934. A beam (PN 55) of high tensile strength 

1 
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Fig. 1 


steel (58 to 65 kg. per sq. mm.), 12 m. long, fractured spontaneously in the 
shop under no load. On the day before, skew cuts had been made at both 
ends (Fig. 1) with a cutting torch. The beam was lying flat on the ground 
the fracture occurred along the whole length through the web, during the 
noon hour The violent noise gave the impression of an explosion. Workers 
thought that a tank of compressed air had burst. The appearance of the 
fracture was very rough and jagged, with a generally coarse and crystalline 
granular structure. Along most of the length, there was a kind of longi¬ 
tudinal wrinkle in the middle of the fractured web. 

The temperature was normal. Both parts of the beam were curved, 
showing an outside concavity of the flanges, with deflections of 8 and 7.5 
cm. (Figs. 2 and 3). Tests were made on a specimen cut from the central 
part of the web, which gave normal results. The beam was one of a large 
series of identical beams to be used in the steel structure of the Laboratory 

of Thermodynamics of the University of Libge, which the author had 
designed. No other beam suffered any damage. 

There was no question of welding, but there had been flame-cutting. 
The only possible explanation of the fracture and the curvature of the two 
parts is the existence of rolling stresses. The web cooled much more quickly 
than the flanges. The web was perhaps cold-worked to a certain extent by 
rolling (although the tests on the web, namely, the notched-bar impact 
test, showed no evidence of cold-working). The thermal shortening of the 
flanges by cooling was prevented by the web, which induced high stresses 
in the beam and a large amount of elastic potential energy. This created a 
state of precarious internal equilibrium. Actually it was the flame-cutting 



Fig. 2 
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Fig. 3 


which changed this state of equilibrium, but with no immediate effect; 
nothing happened for 24 hours. 

The initial state of residual stress was a consequence of the thermal his¬ 
tory of the various parts of the beam, of its shape and dimensions, and of 
the mechanical properties, elastic and plastic, of the metal. Undoubtedly 
plastic deformation may have occurred because of the restraint produced 
by the unequal cooling, and local strain-aging and hardening were possible 
with the corresponding increase in elastic limit, already rather high for this 
kind of steel under normal conditions. Thus, rolling stresses, although 
purely elastic, may have been high, as also the elastic energy of deforma- 











4 RE SID UAL STRESSES IN METALS AND METAL CONSTRUCTION 

tion stored in the beam. Along the lines of the skew cuts at the ends a 

cuts a Th 10n .° f StreSSeS 6xisted ’ which were relieved by the 

cuts. This is equivalent to the application along the lines of the cuts of a 

revei sedsystem of loads superposed on the initial distribution of rolling 

stresses roughly to the application of two appreciable compressive forces 

h tern? 6 rf • the P omts u S ( Fl S- !)• This changed the initial state of 
intei nal equilibrium and may have done so in a dangerous manner. This is 

ah easy to understand and no other explanation seems possible. The only 

obscure point is the delay of 24 hours before the fracture. This lapse of 

time, often much longer, seems to occur in all similar cases. A possible 

explanation is that flame-cutting generates the beginnings of cracks, aided 

Mth time by the state of rolling stresses. These cracks must have grown 

slovly, until the final stage of equilibrium was reached. Existence of cracks 

° f! 1 ' a , h ^' dee P and rather oW (rusted in the course of time) in collapsed 
welded bridges, observed by the author, seems to establish that the genera¬ 
tion, the existence, and perhaps the development or propagation of cracks 
a.e possible in actual structures. But the structures in which the author 

o served them had been subjected to numerous and repeated loadings 
hich was not the case of the beam. ’ 

It is possible that, under the heavy state of residual stresses and the 
action of heating by the flame followed by cooling, a kind of artificial 
stiain-agmg and hardening was produced locally with corresponding de- 
f * ease of the specific energy of fracture after a certain time. The great 
amount of elastic energy stored in the beam then produced the fracture 
Once the fracture was started, the distribution of residual stresses changed 
almost instantaneously, as the phenomenon was rather explosive in charac¬ 
ter. 1 hus dynamic forces may have been developed in a rapidly transient 

form and a complicated process of fracture may have taken place, leading 
to the result shown in Fig. 3. 6 

The case of the beam was not an isolated one. In the same shop, the 
author was shown a wide-flanged Grey-beam from Differdange (Fig. 4) in 
which a similar, but more regular crack, not extending quite to the end of 
the beam, occurred after a small cut at the ends of the flanges. The rivet 
holes show that the beam was to be riveted; there was no question of weld- 

® ^ 1 ^ 1 same occasion that a 

similar limited crack had occurred at one end of a beam in the riveted 

structure of a neighboring electrical power plant, some two or three years 

after erection. Thus there was no question of welding here either 

Further inquiries revealed that such accidents, though rare, occurred 

from time to time in the rolling mills or in the erection shop. People in 

general were not much interested, and usually these facts received no 

publicity, so that nothing or little was known about them outside. 
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Fig. 4 


Fig. 5 shows a similar fracture in a beam of normal strength, 3G0 mm. 
deep. This specimen is still in the author’s collection. The fracture does not 
extend throughout the whole length of the web. The mechanism of the 
phenomenon is the same tor Figs. 3, 4, and 5, in each case rolling stresses 
and flame-cuts at the ends, the magnitude of the stresses being indicated 
by the opposite curvatures of the two flanges. The author believes that 
these are three examples of fractures (and there must exist many more of 
the same kind in the world) in which residual stresses played an essential 
and decisive role. The author has published these cases and many others, 
including photographs, since 1936 (International Congress of Bridge and 
Structural Engineering, in Berlin) 1 * 2 . 

It may be emphasized that these examples occurred previous to the 
development of welding. 

The development, which led in Belgium to the construction of a large 
number of heavy structures and bridges between 1932 and 1938, had as a 
consequence that fractures with the characteristic appearance shown in 
Fig. 3 occurred frequently rather than seldom and they rapidly required 
the attention of specialists. They received wide publicity after the first 
total collapse of a bridge in March 1938. At the beginning of 1936, a joint 
group of structural and bridge engineers and of the official Board for 
Bridges and Highways (Administration des Ponts et Chauss^es) charged 
the author with the investigation of the difficulties already met in the shops 
and with research work to overcome them. First of all, the author proceeded 
to an inquiry into the facts. He assigned this inquiry to a young civil en¬ 
gineer, Mi. H. Louis, and a report was presented to the joint group in 
Octobei 1936. 4 hereupon it was decided to keep the report continuously 
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Fig. 5 

Up , t0 l ate a * ld t0 begin an extensive program of research on shrinkage 
and other effects of welding. Mr. Louis was appointed to the Board for 

Bridges and Highways in November 1937, and he continued to keep the 

report independently. This report has never been fully disclosed but ex 

tracts have been given at times after the war in lectures by Mr Louis 

na ThMate Mr.G 6 ™ ational Insti ^e of Welding, in 1950 (Paris)*. ’ 

Bureau of the BmrH f ^ ^ ng * neer anc * Head of the Bridges 

priSal terns S K ^ and High "' ays ’ P ublished of the 

pi incipal items in this report in a paper for the Third Congress of the 

“ Association for Bridge and Structural Engineering n Ltege 

n 1948. His paper showed clearly that he was not disposed to IhasS 

the role of residual stresses in the failures described, which led the present 

author to make some remarks before the Congress 5 . The author refers the 

WiU diSCUSS ° n ' y a fW — taken tbe 

abiul 0°C U T e h ^ thG i b< i g iT lng ° f 1936 > in the sh °P- Temperature 

bv 30 mm T T S 7 7 t0 50 kg ' Per Sq - mm ) ' A " ide ^ 300 
by 30 mm i oil-formed cold to a radius of 1500 mm„ cracked during 

welding T "' 7 "7 done ' Thus th ^ was no question of 

of the n,7 \ 7 lng res P° nsible the spontaneous failure 
R ,t tL ; ' T ha,dened by ^W-working and strain-aging. 

elastic ener 7 “ nkaWe ' vithout the action of stresses or stored 
eiast c energy whose source can only be residual stresses. 

above lot" m ’ 1935 ’ ^ the fieW dUrbs erection - Temperature 

plate (37 to 44 kg. per sq. mm.) .4A (Fig. 6) was 

37 tn 44 t J01 ‘ P !'™ en tw0 el ”ts Of a post of Thomas steel 
r 7 n Per Flrst the lo "' er fillet welds were made, then 

the laminated structure of the plate being revealed by the fact. The 
only possible cause: shrinkage stresses as admitted by Mr. De Cuyper. 

(c) Failure m March, 1938 (at Hasselt) of a bridge in service more 
than a year, but carrying no live load when the failure occurred. Nor- 
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mal temperature. Thomas steel (42 to 50 kg. per sq. mm.). Failure of 
the lower chord of the bridge (Fig. 7). Probable mechanism of the frac¬ 
ture: the weld connecting the attaching pad to the curved flange was 
the last one to be made. Thereby the foot of the post of the Vierendeel 
truss became in effect a hanger. The large weld had defects, namely, 
at the root, not having been backed on the side of the root (this was 
almost impossible). The failure of this hanger produced a sudden strain 
of the underlying lower chord. Cause of the fracture (according to the 
opinion of Mr. De Cuyper, designer of the bridge): residual stresses, 
very severe because of the large weld at the attaching pad. The action 
of these residual stresses was favored by the defects of the welds and 
other defects. 

The existence of these residual stresses and their importance was 



Fig. 7 


Cross Section 
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proved by observations made on the collapsed bridge and on others of 
the same kind, ordered by a committee of investigation (of which the 
author was a member) instituted by the Government. Many welds of 
the same kind as mentioned above were cracked. These cracks can only 
have been caused by residual stresses. In order to release the residual 
stresses, it was decided to saw-cut the welds of the above-mentioned 
kind in the similar bridges. This operation was performed on a great 
number of welds in many bridges with the following general effect: 
after a more or less substantial cut, the piece fractured with a noise. 
The remaining cross section at the moment of the fracture allowed some 
estimation of the residual forces involved, which were very high. 

(d) A last example of failure occurred in the summer of 1939, on a 
bridge in service. Normal temperature. Siemens-Martin steel (52 to 60 
kg. per sq. mm.). Crack in the lower flange and in the web of a plate 
girder. Brittle fracture. The butt weld in the flange had been made 
before the fillet weld connecting the web to the flange (Fig. 8). Cause 
of the failure: residual stresses, with stress concentration caused by 




Fig. 8 
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the very sudden change in thickness of the flange, and defects in the 

weld. 

These are a few examples taken from among a fairly large number 
having the same features in common. The author has in his collection 
many specimens of collapsed or damaged bridges and also cracked parts. 

As the ‘‘Proposed program for the preparation of a monograph on re¬ 
sidual stresses”* indicated that contentions that residual stresses have a 
significant effect on load-carrying capacity are backed by little, if any, 
experimental evidence, the author found it expedient to present first some 
of the many cases of evidence of the decisive role of residual stresses on 
fracture. 

The author has also much evidence obtained by artificial experiments 
in which cracks were generated in welds, evenutally extending into the 
base metal because of welding stresses due to restraint. The ‘‘proposed 
program” adds that evidence supporting the conclusion residual stresses 
do not contribute materially to failure has been obtained from laboratory 
investigations on simulated hatch corners. The question arises whether 
these laboratory investigations allow conclusions about anything else than 
the conditions and circumstances of the investigations. Namely, is there 
evidence that the conditions of residual stress in simulated hatch corners 
may reproduce the stresses locked up in ship structures as the result of 
fabrication practice, and especially is the elastic energy stored in these 
ships simulated and able to act on the hatch corners? 

The author, however, must confine himself to the presentation of facts 
of which he has firsthand knowledge, as they have taught him that each 
case requires particular investigation and studj r . 

2. Measurement of Residual Stresses 

According to Lord Kelvin’s principle, it seems that the best evidence 
of residual stresses may be obtained by their measurement. In fact, such 
evidence may be obtained by various techniques of measurement, some of 
which will be discussed further. 

In the author’s opinion these techniques of measurement call for some 
reservations with regard to their conformity to the principles of applied 
mechanics. But this point will not be considered here, as being outside the 
subject. It is mentioned only to emphasize that the measurement of re¬ 
sidual stresses requires still more caution than the measurement of ordinary 
stresses. The measurement of residual stresses often has more the qualita¬ 
tive significance of a proof of the existence of residual stresses rather than 
the quantitative significance of a precise determination. In other words, 

* The reference is to a program sent to prospective contributors when they were 
asked to submit papers. Ed. 
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Fig. 9 


it is difficult to evaluate and to verify the degree of approximation; the 
measurement indicates rather an order of magnitude. 

The author has put in practice the so-called relaxation techniques of 
measurement since 1938 (ref. 2, pp. 70-80). For welded test plates used in 
the laboratory, the destructive method of cutting in small pieces on which 
four gage lengths at 45° have been marked on the two faces is very reliable. 
The author has generally used a gage length of 20 mm., the pieces being 
25 mm. square. The measurement is made with mechanical deformeters, 
manufactured by the author’s laboratory, whose sensitivity is less than 
0.001 mm. The measuring legs are provided with set-in calibrated balls 
(since 1942), which makes the measurements much easier and more accu¬ 
rate than with the conical pins used formerly on similar commercial ap¬ 
paratus. Fig. 9 represents a type now in use with adjustable bases of 12, 
20, 40, 80, and 100 mm. Provision is made at present for a smaller and 
lighter model with a gage length as short as 10 mm., perhaps less. 

This destructive method of cutting is not expedient on actual structures. 
Therefore, since 1939, the Schmuckler apparatus of the author’s laboratory 
was equipped, at the request of Mr. H. Louis, with a hollow drill capable 
of cutting out of structures cylinders 27 mm. in diameter to a thickness of 
30 mm., allowing the same measurements as by the preceding method (ref. 
2, p. 103). Some measurements of residual stresses were obtained by this 
“trepanning” method on welded bridges. The hole was left open or filled 
with a bolt. Nevertheless, trepanning an actual structure offers some diffi¬ 
culties, and it seemed advisable to drill smaller holes with ordinary portable 
drills. The author’s attention was attracted to the principle of Mathar’s ap- 
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paratus. The author’s former tests to control and calibrate Mat har’s apparatus 
had proved the imperfection of this device, both systematic and practical. 
Therefore, during the war, the method was modified in this way: a 10-mm. 
hole was drilled and the measurements were made along four gage lines 
at 45°, 20 mm. long, whose centers coincided with the (‘enter of the hole. 
The drilling of the hole affects the lengths of the gage lines. Measurement 
was made with a device such as represented in Fig. 9. The mathematical 
treatment of the drilling method is given in ref. 2, pp. 103-109. Later on, 
when resistance strain-gages became known in Belgium, Professor Soete 
used a similar method, with strain gages disposed outside the hole in radial 
directions. Now the author measures on gage lengths of 12 mm. with 6-mm. 
holes. Rather extensive measurements were made during the winter of 
1949-1950 on the hulls of two large ships (a tanker and a cargo vessel) 
during their erection and welding in the shipyards of John Cockerill and 
Co. at Hoboken (Belgium), under very difficult conditions and in very bad 
weather. The device used was that shown in Fig. 9, with a 12-mm. gage 
length for the measurement and holes 6 mm. in diameter. r l he results were 
fairly good. Strain gages used as alternatives failed generally because of 
the rough conditions. These extensive tests were made on behalf ot the 
Belgian Center of Naval Research. The values of some of the measured 
stresses were very high 10 . 

The cutting method is very convenient tor systematic laboratory work 
and may be fairly precise, even with simple and efficient devices such as 
that of Fig. 9. The trepanning method is also convenient for laboratory 
work, especially for isolated tests, with the same level of precision as for 
the cutting method. The drilling method is much less precise and, in the 
author’s opinion, to be recommended only for work on actual structures, 
in the field or in the yard. The above-mentioned relaxation techniques 
must be used for the measurement of residual stresses in a destructive or 
semidestructive way when the strain in the material has exceeded the 
elastic limit. Otherwise, in the laboratory as in the field or the yard, meas¬ 
urements may be made by such a device as shown in Fig. 9 without any 
destruction. Then the stresses are based on the consideration of the purely 
elastic deformations produced by the process whose effects are to be meas¬ 
ured, just as is usual for the measurement of ordinary stresses. 

Based on an experience of some twelve years with the various relaxation 
techniques, destructive, semidestructive and nondestructive, the author 
has formed the opinion that the measurement of residual stresses is un¬ 
doubtedly of great intrinsic interest, but rather delicate and tiresome. This 
is the case even in the laboratory under the most favorable conditions, 
but especially outside under bad conditions, and when the plate cannot be 
placed horizontally and turned to measure on the other side, it being neces- 



12 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 


sary to make the measurement in the position presented by the actual 
structure. To the author’s mind, these are just the most interesting meas¬ 
urements, as in his opinion, laboratory specimens do not reproduce the 
effects of general residual stresses in big structures, which depend on the 
whole structure. He believes that rather simple and easy to handle me¬ 
chanical devices as in Fig. 9, of sufficient accuracy, and not excessive 
sensitivity, are capable of giving the best practical results—results that are 
perhaps more reliable than those obtainable with electrical strain gages when 
the working and climatic conditions are very rough. 

There is naturally no objection to the aim of improving the sensitivity 
and the precision of the measuring devices, but this aim may prove to 
conflict in some cases with the practical conditions of the measurements. 

Nevertheless, it must be borne in mind that the significance of the 
measurements is affected by the great variation of nonuniform stresses in 
the region of the measurement, for example, in the close neighborhood of 
a weld. It must also be borne in mind that the repetition of loading, which 
is generally used in the measurement of ordinary stresses to check the good 
working order of the measuring device, is excluded here. 

Other techniques have not been tried by the author. The use of some of 
them in the field and on actual structures seems questionable to him. He has 
also not had experience with X-ray techniques, but he nevertheless thinks it 
worth while to draw attention to a quite different discrepanc}' from the 
one mentioned above, which may affect measurement of stresses by X rays. 
The question is whether the definition or conception of stress according to 
classical applied mechanics, implying continuity of the material, holds good 
on the atomic scale, which is the scale of X-ray measurements. Some 
fundamental questions of applied mechanics or of the physics of solids or 
of both as boundary problems, may arise from this, which are outside of 
the author’s field of activity. 

3. Origins of Residual Stresses 

The author has observed many origins of residual stresses and above 
has given examples of some: forming operations, welding, differential cool¬ 
ing rates, cold-working, permanent or plastic deformation, restraint of 
deformations and phase transformations of some alloyed metals. He is in 
agreement with common opinion concerning these origins. 

Perhaps the situation is not the same concerning the question of order 
of magnitude, or is it only a matter of words and convention? In the 
author’s opinion, there are no micro- and macrostresses; there is only one 
kind of stresses, complying at every point with the ellipse of stress. The 
stress at a point is a tensor, and a point is neither micro- nor macro-. Per¬ 
haps the author should apologize for such remarks, but he has so frequently 
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met disregard of the most fundamental principles of applied mechanics in 
questions dealing with residual stresses and effects of welding in general, 
that he may have grown somewhat sensitive about it. 

Concerning the stresses produced by welding, the author has considered 
elsewhere 2 the so-called direct welding stresses, which are developed in every 
case, even when the welded piece is completely free. These stresses are 
localized in the neighborhood of the weld and decrease rapidly on both 
sides of the weld. They could also be called local welding stresses. 

When the welded piece is not free, but restrained in its thermal deforma¬ 
tions, the effects of welding produce so-called indirect welding stresses, which 
affect the piece everywhere; they might also be called reaction stresses. 
They exist together with the direct or local welding stresses. The author 
has experimented with the simple device of a rigid frame in which the ends 
of two flat bars are “built in,” the two other adjacent ends being welded 
together. In the neighborhood of the weld arise the nonuniform direct 
stresses, and at. the same time the test piece is subjected throughout its 
entire length to more or less high uniform indirect stresses. If the piece is 
subsequently cut out of the frame, the latter stresses disappear and only 
nonuniform direct or local stresses remain. 

The stresses considered above are those existing in the permanent final 
condition. They can be measured by the methods considered in the pre¬ 
ceding section. Naturally, these stresses are developed during the welding 
process, so that one may also consider transient welding stresses of direct 
or indirect character (ref. 6, pp. 232-236). Their measurement is not pos¬ 
sible and little is known about them; but there is no evidence that they 
are not more significant than the final and permanent stresses, and the 
possibility should not be excluded that they generate more cracks than 
the final stresses. 

The separation of direct and indirect stresses is not always so easy as 
in the simple case considered before. For example, if a welded beam is 
made by welding together a web and flanges and, furthermore, stiffeners 
are welded to the web, a rather complicated system of residual stresses 
may occur, in which the distinction between direct and indirect stresses 
holds good, but their discrimination becomes difficult. It will depend even¬ 
tually on the sequence of the various welds. A recent observation of Mr. 
H. Louis showed that the welding of vertical stiffeners to a web some 8 to 
10 m. long produced a shortening of the web of 5 mm. Hence it is advisable 
to weld the stiffeners to the web before the web is welded to the flanges. 

A common property of residual stresses is that they are purely elastic, 


even if they result from plastic deformation. They may be released by all 
the operations which release the elastic deformations corresponding to the 
residual stresses, with consequent dissipation of the elastic potential energy 
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stored in the material. But this may be accompanied by plastic deformation 
and new residual stresses. For example, in the case of the first beam con¬ 
sidered previously (Figs. 1, 2, and 3), the large curvature of the two parts 
of the beam involves plastic deformation and residual stresses in the two 
parts, quite different from those existing before the fracture. 


4. Latent Energy in Structures Containing Residual Stresses 

The elastic character of residual stresses involves the storage of elastic 
potential energy. Although the actual deformation may exceed the elastic 
range considerably and the residual stress may eventually exceed the yield 
point, nevertheless, the residual stress is purely elastic, just as occurs in 
unloading (Fig. 10). For example, in the case of uniaxial tension, if <n is 
the residual stress, the hatched area represents the part of the energy neces¬ 
sary to reach this stress, which has been wasted, and the area of the tri¬ 
angle \8iR represents the conserved potential energy. 

Hence, in the general case the potential elastic energy per unit of volume 

is: 


Wx = ^ id + 


„ 2 . 4 - 


, 2 \ 


/ 


In the case of direct or local welding stresses, their mean value is well 
under the elastic limit, as they decrease with the distance from the weld. 
The volume involved is limited and, consequently, there is not a large 
amount of energy stored up. Furthermore, this energy is enclosed in a 
limited volume without possibility of transfer. Its liberation is perhaps im¬ 
possible without external physical means, as for example, by annealing. Or 
it may be liberated through cracks, generally of limited development cor¬ 
responding to the liberation of a limited amount of energy restricted to a 
small volume. 



Fig. 10 
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In the ease of indirect or reaction stresses, their value may be high and be 
stored in a rather large volume; but they may develop their effects in any 
part of this volume, however small. If we consider the case of the welded 
bar in the frame mentioned before, we may cut the bar progressively till 
it breaks; at this moment all the potential elastic energy is dissipated when 
the fracture occurs. The same occurred when cuts were made in the welds 
of the attaching pads in the welded bridges mentioned above. If there are 
cracks or other important defects, all the stored energy acts on these weak 
spots and may lead to fracture. In the case of uniaxial tension: 

Eb\ _ E(Al ) 2 
1 ~ 2E 2 2 1* ' 

For example, Al is the restrained deformation, or shrinkage, in the length 
l. If u) is the area of the cross section, the total energy will be 
W = E(AI) 2 oj/21. As A l does not depend on l, or not much, and m&y be 
large, this energy will be the larger, the smaller l is. In the case of the ex¬ 
ample (c) mentioned before of the bridge at Hasselt, the considerable re¬ 
straints affected small lengths, and the potential elastic energy must have 
been rather high in a rather small volume. In the case of the beam of Fig. 
3, it is obvious that a fairly large amount of elastic energy was stored and 
liberated by the fracture. It resulted in noise (which does not dissipate much 
energy), probably in heat, and partly in remaining elastic potential energy 
due to the new redistribution of residual stresses. 

Experience shows that this energy can remain latent for a long time, 
being only more or less dissipated by special and adequate processes, such 
as annealing or mechanical plastification. 

5. Reaction of Residual Stresses and Working Stresses 

The author has often received from practicing engineers, if not the defi¬ 
nite opinion, at least a general impression that residual stresses are not of 
the same nature as others, such as stresses produced by external loads. He 
believes that it is unnecessary to refute this opinion in this monograph. 
According to the classic definition of a stress in applied mechanics, residual 
stresses and working stresses act just the same as any other stresses do. 
If their combined effect remains under the elastic limit, the principle of 
elastic superposition applies. If, on the contrary, this limit is exceeded, then 
plastic flow takes place, according to the properties of the particular material, 
without regard to the special kind of stresses. Because of the plastic flow, 
the residual stresses will not be the same as before. A redistribution of stress 
takes place. 

For example, in the above-mentioned welded bar in the rigid frame, a 
high degree of residual stresses is produced by the combination of direct 
welding stresses in the neighborhood of the weld and the indirect or reaction 
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stresses produced by the restraint. But if the bar is cut out of the frame, 
only direct welding stresses remain. Their measurement shows that they 
are much smaller than the similar stresses in a bar welded without restraint 
if the general stresses have reached the elastic limit, and of the same mag¬ 
nitude if this limit has not been reached (ref. 2, pp. 77-91). The redistribu¬ 
tion is easy to understand and shows that direct welding stresses in a bar 
may be considerably reduced by stressing the bar beyond the elastic limit. 
But it must be borne in mind that a condition of high stress exists during 
the overstressing and that the mechanical properties of the bar may be 
considerably altered by this process. 

When the overstressing is produced by indirect or reaction stresses, as 
is the case for the welded bar in the rigid frame, or for the foot of the post 
of the Vierendeel bridge mentioned in Section 1 as example (c), the effect 
remains permanent and strain-aging develops during the same time. Hence 
the elastic limit may be increased and the necessary energy to produce 
fracture may be decreased per unit of volume (Fig. 11). When, furthermore, 
some gometrical conditions, such as cracks, notches or others, prevent the 
major plastic flow of necking and reduce still more the energy necessary to 
produce fracture, this may occur as the result of locked-up residual stresses 
or their latent energy. The effect of time is obvious in this process and ex¬ 
plains the delay of fracture in some cases. 

In other cases, the effect of time may be associated with the frequent 
repetition of external loading, producing frequent small deformations (fa¬ 
tigue) which may alter progressively both the residual stresses and the 
mechanical properties of the metal (ref. 2, pp. 131-149). If high permanent 
stresses exist, fracture by fatigue may occur under a rather low number of 
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repetitions of a very small additional stress when the test piece is more or 
less weak in fatigue, for example, because of cracks, notches, and other sim¬ 
ilar defects or misfits. 

In an actual structure, the general high stress may be produced by reac¬ 
tion stresses. The author believes that this is the main cause of the collapse 
of the Belgian welded bridges in 1938 and 1939, as also of the German 
bridges, such as the Riidersdorf bridge (1938). Generally they collapsed 
when unloaded, which resulted happily in a general absence of victims. 
Most of them had been in service for more than a year, and they had sup¬ 
ported test loads and afterwards much heavy traffic. The bridge at Hasselt, 
for example, was used for more than a year and had supported heavy test 
loads. A few days before the collapse, a bicycle race, very popular in the 
country, crossed the bridge, which was crowded with citizens of the neigh¬ 
boring town. If the collapse had taken place under this load, the number 
of victims would have been catastrophic. The morning of the collapse, a 
light tramway vehicle, a bicycle, and a few pedestrians had just crossed 
the bridge when a violent report was heard and the bridge broke in two 
parts and fell into the canal. There was no external circumstance to explain 
the failure at just that time. The bridge, however, not only had high residual 

stresses at the foot of each post, but also two large and bad welds at each 
foot. 

Furthermore, no provision had been made for shrinkage, which was high, 
because of the rather large thickness of the plates and large V-welds. The 
parts of the bridge were therefore all too short and, consequently, there 
were gaps which had to be filled with welds. Thus the welds became very 
large and produced more and more restraint and a general state of high re¬ 
sidual stresses. The whole bridge was, in a sense, loaded with latent energy, 
somewhat explosive; furthermore, it had many defects, most of them of a 
serious nature, ffhe small fatigue effect of the live load continued the inexo¬ 
rable process of fracture till the end. 

There are indeed confilicting opinions about the effect of residual stresses 
on fatigue strength. Some say there is no influence, others believe the in¬ 
fluence is important. In fact, both are right and there is a misunderstanding 
because residual stresses are considered without discrimination between 
direct or local stress and indirect or general stress. 

For example, in the case of direct stresses in the neighborhood of a weld, 
the repetition of load results in a redistribution of stresses by repeated 
small plastic flow. I his process reduces the residual stresses more and 
more and finally the resistance to fatigue is not affected. But this is only 
the case for local stresses with little storage of energy. 

In the case of high indirect or reaction stresses, locked up in a large vol¬ 
ume with a large amount of latent energy, this redistribution is not pos- 
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sible; the pulsating stress is superposed on a high general stress which makes 
the conditions of fatigue worse. Then it happens that resistance to fatigue 
is reduced, so much the more if the welding has some defects. 

This may also occur in the cases mentioned before where the distinction 
between the direct and indirect residual stresses is not sharp, as in beams 
formed of welded plates. In questions that are so complicated, no general 
simple rule can be stated. Each particular problem must be investigated 
and eventually tested according to various possibilities. 

The effect of low temperatures has often played a role in fractures re¬ 
sulting from residual stresses. The part played has generally been discussed 
with respect to the behavior of the materials, namely, the effect of low tem¬ 
peratures on brittleness and the so-called critical temperature. But indeed, 
the effects of temperature changes on heavy structures, generally highly 
statically indeterminate and with dispositions of material which enable 
temperature differences between various parts, may be dangerous. Es¬ 
pecially if the existence of high general residual stresses has locked up a 
large amount of latent energy, if strain-aging and hardening has taken 
place, if dangerous defects exist in the welds or other parts and if fatigue 
has, according to the previously described process, generated the progres¬ 
sive process of fracture, it is easy to understand that extreme temperature 
conditions, with the general shortening resulting from severe cold, may 
produce the additional effect sufficient to start the final stage of fracture. 
This should not be surprising at all since such failures have occurred at 
normal or summer temperature, as shown by the examples of Section 1. 
It is not excluded that the low temperature affects the metal and reduces 
the energy necessary for the fracture, but the author believes that it is 
difficult to prove it and, in any case, it is not permissible to disregard the 
active effect of residual stresses. 

The first big case when the effect of low temperature required attention 
was the .collapse of the German bridge at Riidersdorf in January, 1938. 
The collapse of the Duplessis Bridge, between Quebec and Montreal, on 
January 31, 1951, seemed to reproduce the same facts many years later on 
a larger scale but under apparently similar conditions, although according 
to the accounts available in the technical press, the Canadian bridge must 
have been built less carefully than the German one'. 

6. Effects of Residual Stress on Initiation and 

Propagation of Fracture 

The author has left this question for the end because it is very much un¬ 
resolved and subject to controversy. Again the discrepancy between the 
classic conception of stress, according to applied mechanics, and the atomic 
structure of the material, according to the physics of solids, must be em- 
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phasized. The whole theory of fracture based on the resistance of materials 
is questionable. What is the very initiation of a crack? It must occur on an 
atomic scale, out of the reach of applied mechanics. In a sense, applied 
mechanics excludes the possibility of studying the phenomenon of fracture, 
because the basic assumption of continuity is violated; fracture creates dis¬ 
continuity. Hence arguments about this problem are rather precarious. 
It is generalh' admitted that fractures are localized by the defects of the 
materials on various scales. The so-called dislocations are defects on an 
atomic scale. The author believes that there is a large probability of effec¬ 
tive defects on a larger scale, although microscopic or even submicroscopic, 
but often also macroscopic: skin defects, segregation, inclusions, defects at 
the boundaries of the grains or in the grains, small cracks called “criques” 
in French, fisheyes, etc. 

So it is questionable whether the cracks have to be initiated or whether 
their beginnings already exist. The microscopic examination of so-called 
smooth surfaces is edifying in this respect. In any case, the author finds 
it more expedient to limit himself to the propagation of cracks which evi¬ 
dence presented in the previous sections has indicated can be produced in 
various ways by residual stresses (see for instance, Figs. 3, 4, and 5). This 
ability is especially important for indirect or reaction stresses, with much 
latent energy, although direct or local residual stresses, with little energy, 
are eventually able to produce small and limited cracks. This ability results 


from the fact that cracks, by their geometrical shape of extremely acute 
notches, not only produce high stress concentration, but also prevent large 
plastic flow and, consequently, do not require very much energy for fracture. 
Hardening by strain-aging resulting eventually from the plastic deforma¬ 
tions which have produced the residual stress, with increase of elastic 
limit and ultimate strength but decrease of energy absorption, may contrib¬ 
ute to the propagation of cracks. 

The author has shown in the preceding section that fatigue superposed on 
high permanent residual stresses is particularly able to produce propagation 
of cracks. So he believes that there are many ways in which high residual 
stresses, helped by other causes, may contribute to the propagation of 
cracks, or even cause the propagation completely by themselves, as in the 
case of Figs. 3, 4, and 5. 

Perhaps it is of interest to report a very peculiar case in the author’s 
experience 8 . Rails were tested in fatigue by pulsating bending, the top being 
in compression. The highest stress was in the top and was therefore com¬ 
pressive. Then there was no fatigue fracture, but cracks were produced in 
the compressed top. In one test specimen three cracks were formed, one after 
4.3 X 10 6 , the second after 5.2 X 10 6 , the third after 6.6 X 10 6 repetitions. 
After 8.856 X 10 6 repetitions the system remained perfectly elastic and the 
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test was ended. The cracks lucre closed under load and open when unloaded. 
The explanation is easy. The high compressive stresses in the top produce 
plastic shortening of the top at each loading. Hence the top is too short 
when unloaded and residual tensile stresses are produced. The action of 
these tensile stresses produces the cracks. In fact, by the action of the pul¬ 
sating bending and the consequent residual stresses, the test under repeated 
bending stress is changed to a test under alternate bending stress (tension 
and compression). But the cracks here have another peculiar character; 
they release the residual tensions and make the test piece invulnerable. 
Many rails have shown the same very interesting cycle of redistribution of 
internal stress and adaptation. It may be mentioned here that similar static 
observations have also been made, for example, on the cracking of the hooks 
of reinforcing steel used in reinforced concrete, when formed by cold bending 
(cf. “Bericht iiber Yersuche mit Verankerungs-Endhaken an Beton- 
Armierungseisen,” by Th. Wyss, Zurich, in Premier Congres International 
du Beton et du Betone Arme , Likge, 1930, vol. 1). These cracks start in the 
compressed zone and are produced by the effect of residual stresses arising 
from the heavy plastic flow of the compressed zone. 

The aut hor believes that these examples are very elegant indications simul¬ 
taneously of the generation of residual stresses, of their reaction with work¬ 
ing stresses, and of their decisive role in the propagation of cracks. 

7. Conclusion 

The author has been very much interested by the initiative of the Com¬ 
mittee on Residual Stresses of the Division of Engineering and Industrial 
Research of the National Research Council of the U. S. A. He is thankful 
for the opportunity offered to him for a larger diffusion of some observations 
and researches which have been going on for some eighteen years. His 
warmest wish is that they may contribute to clear the important problem 
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under consideration. The elucidation of this problem will not only be a 
scientific achievement but will prove to be of far-reaching engineering inter¬ 
est. Not only will it make it possible to avoid the bad effects of residual 
stresses, but, used with skill, it may render residual stresses one of the use¬ 
ful links in the general method using controlled stresses in design, which 
the author has empahsized previously 9 . Prestressed concrete, for example, 
is only a limited application of this general method. 

The author has discussed elsewhere the useful control of residual stresses 
in a travelling crane for heavy duty, which he designed (ref. 6, p. 247). The 
parabolic lower chord of the bow-string girders was made of fiat bars with 
a weld in the center. This weld was reserved for the last and the whole 
chord was preheated. The subsequent shortening due to cooling and shrink¬ 
age of the lower chord stressed the girder and was taken into account in 
the design. At the same time, the preheating favored the quality of the weld. 
A similar highly dynamic welded structure, which has been in use without 
incident since 1937, is shown in Fig. 12. 
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Residual Stresses in Welded Pressure-Vessel 

Manufacture 

H. HARRIS 


Editorial Abstract 

The author points out that the problems involving welding and 
residual stress are so complex that progress in their understanding 
will only be made if it is kept in mind that the troubles experienced 
in practice are the resultant of a combination of factors. There 
follows an assessment of the proper roles of the laboratory experi¬ 
mentalist and the practical technologist. 

Five cases of failure in which residual stresses are thought to 
have played an important part are selected from the author’s ex¬ 
perience and are discussed. 

The author advises care in drawing conclusions hut makes the 
point “that the hypothesis that residual stresses lead to failure 
in fabrication has been of great utility in that modified practices 
based on the validity of this hypothesis have been proved success¬ 
ful over many years of development in this field of activity.” 

Manufacturers of welded pressure vessels are keenly alive to the diffi¬ 
culties encountered in production due to factors attributed to residual 
stresses. Whether residual stresses really exert the important effects for 
which they are thought to be responsible may be debatable—such is the 
result of an inadequate scientific understanding of the subject. It will, how¬ 
ever, be generally agreed that the problems involving welding and residual 
stress are complex, and the writer would venture the opinion that progress 
in their understanding will only be made if thought is directed to the fact 
that the troubles experienced in practice are frequently the resultant of a 
combination of factors rather than of the predominting influence of one 
single entity. 

In offering this opinion, it is not recommended that in any laboratory in¬ 
vestigation concerning residual stress and welding, the design of the experi¬ 
ments should likewise be weighted with complexities in order to reproduce 
practical experiences. It is a well-founded basis of research to investigate 
each factor separately, so as to obtain a proper appreciation of its individual 
contribution; but the laboratory experimentalist should nevertheless pre- 


23 



24 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 


sent his thoughts and conclusions with the practical background in mind, and 
he must remember, if his results are negative, that he may not have re¬ 
produced faithfully the conditions of large-scale manufacture. This point 
is made because the writer, having an essentially practical experience of 
the influence of residual stress, feels that the laboratory investigator is con¬ 
siderably hampered in his researches by virtue of the size of the specimen 
he can handle. On the other hand, the practical technologist has to deal 
with the problems with which he is confronted without the research man’s 
ability to repeat his experiments—mistakes might often be the more ap¬ 
propriate description—under sufficiently controlled conditions to warrant 
his drawing final conclusions that will withstand detailed criticism. 

This contribution is largely based on factor}^ experiences and description 
of mishaps that have come to the writer’s knowledge during the past twenty 
years and have been selected because they are thought to show reasonably 
clear-cut effects of the influence of residual stress. They are presented in 
the hope that the wider knowledge of such experiences might help in reach¬ 
ing a more satisfactory understanding of the scientific principles involved. 

Case I 

In welding pressure vessels constructed from plates 134 in. thick, it was 
lound that if, after welding the longitudinal seams, the heads were then 
fitted and the circumferential seam welded, transverse cracks occurred in 
the circumferential weld (Fig. 1). Sometimes the cracks were so severe that 
they travelled into the shell or head plates. That the crack was not induced 
by some latent defect at the end of the longitudinal seam—a frequent hap¬ 
pening even today in some welded constructions—is easily seen from the 
fact that the transverse crack in the circumferential seam, while in the 
neighborhood of the junction of the longitudinal and circumferential seams, 
was nevertheless not a continuation of the longitudinal seam (Fig. 2). 

A single change in manufacturing routine immediately put an end to this 
trouble. If the cylindrical shell of the vessel was stress relieved after the 
welding of the longitudinal seams, cracks did not occur. 



Fig. 1. Radiograph of typical transverse crack in circumferential seam. 
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Fig. 2. Typical location of transverse crack in circumferential seam. 

The obvious explanation is that the ductile steels involved would not 
withstand the combined stress system developed by the two welding op¬ 
erations and relief of stress occurred by cracking, whereas if the stress sys¬ 
tem was maintained at a reasonable level by thermal stress relief after the 
first welding operation, the materials could cope with the situation and no 
cracking would arise. 

This statement has been based on experiences of 1934 and 1935, but it is 
very problematical if the “experiments” could be repeated today with such 
a clear-cut result, because it will be readily agreed that the weld materials 
used today in such work are much more “ductile” and “tough” than for¬ 
merly and accordingly greater liberties may be taken. 

Case II 

Strictly comparable with the observations just recorded are the experi¬ 
ences that every large fabricator of welded pressure vessels which have to 
pass an X-ray inspection must have had at one time or another in repair 
welding. Occasionally, the repair weld of a weld defect—originally quite 
small—is not satisfactory and a second repair weld has to be made. If the 
circumstances are such that this process has to be repeated, it is common 
knowledge that, after a time, cracking may occur and to prevent this it is 
considered good practice to stress relieve the weld after perhaps the first 
or second attempted repair. It is the writer’s observation that this trouble 
is most common with plate thicknesses of the order of half an inch or less. 
At this thickness range, the inherent rigidity of the welded joint is relatively 
low and repeated local welding causes a complex stress system which re¬ 
sults in irregular distortion of the plates, causing cracking—usually in the 
plate material in the vicinity of the weld. 
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Arising from this, opinions may be expressed that movements of plate 
material tend to lower the level of the stress pattern and so should reduce 
any tendency to cracking. This is not the appropriate opportunity to discuss 
this question, but it might be permissible to state that, as a result of ex¬ 
periences gained in the welding of some thousands of tons of alloy steel, 
• welding under conditions of high restraint facilitated the manufacture of 
heavy welded constructions with a minimum of troubles due to cracks in 
the alloy steel. It would appear that controlled movement (or distortion) is 
desirable, but irregular movements are not. 

Case III 

In 1937, a branch pipe of 15)4 in. bore and in. thick was to be welded 
into a shell 36 in. inside diameter and 2% in. thick. Subsequent to the weld¬ 
ing of the longitudinal seams, the shell had been stress relieved at a tempera¬ 
ture which would have been in the range 600-650°C. 

The design of the weld preparation is to be seen from Fig. 3. After tacking 
the branch into the shell, the outside groove and fillet attaching the branch 
was first welded. Two welders were engaged on the branch, working on 
opposite sides at the same time. This welding was continued without a 
break until the outside groove was completed. After four such branches 
had been so welded into the shell and the shell was cold, a start was made 
on the internal welding of one branch. Before one electrode had been used, 
the shell cracked suddenly with the noise and shock of a minor explosion 



Fig. 3. Design of^branch connection. 








WELDED PRESSURE-VESSEL MANUFACTURE 


27 



Fig. 4. Path of crack around branch travelled in clockwise direction. 


and a crack was formed, completely encircling the branch weld as shown 
in Fig. 4. The crack was almost entirely contained in the plate material. 

A whole series of possible explanations were suggested, but a major 
interest at the present time is the following: 

It was thought that, after the outer weld had been finished and the vessel 
had attained workshop temperature, a stress system of relatively high 
magnitude had been frozen in the system. When the internal weld was com¬ 
menced, the thermal shock was sufficient to trigger the stress system, the 
internal stress balance was disturbed, and a major crack was propagated. 

Acting on this hypothesis, the sequence of welding for future construc¬ 
tions of this type was altered. By making the internal weld some¬ 
what smaller, and by making this weld first, the major portion of the com¬ 
plete weld, i.e., the outer groove and fillet, could be made by beginning 
with a system at a much lower stress level. This was indeed the solution to 
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the immediate problem and since that time a great number of welds of 
such a type and welds of much greater difficulty, i.e., with more rigid 
branch connections into much thicker shells, have been satisfactorily 
achieved. 

The “proof” of the adverse influence of high residual stress rests, there¬ 
fore, on the continued experience that its “control” leads to satisfactory 
fabrication. 


Case IV 

Examples have been quoted in the literature of welding to show the in¬ 
ability of thick welded cylinders to withstand shock loading unless stress 
relieved (e.g., Harter, Hodge, and Schoessow, Year Book of the American 
Iron & Steel Institute, 1939). 

Similar conditions will obviously exist for alloy steels, but here the prob¬ 
lem is further complicated by the metallurgical changes that may occur in 
the thermally disturbed zone, leading possibly to zones of relatively high 
hardness. 

Recently, cracking was experienced in in. thick 3^ per cent molyb¬ 
denum steel flanges welded to steam pipes. Fig. 5 gives the pertinent con¬ 
structional details. The analysis of the flange material was: 


Carbon. 0.22% 

Manganese.1. 0.65% 

Silicon. 0.12% 

Sulfur. 0.010% 

Phosphorus. 0.020 % 

Molybdenum. 0.54% 

Copper. 0.17% 


Fig. 6 depicts the character of the cracking that was found during produc¬ 
tion. Several examples of this defect were encountered within a matter of a 
few weeks, so that the defects were not fortuitous, yet similar constructions 
involving mild steel had been common practice for a number of years. 

At the toe of the weld, hardness values of the order of 350 to 360 V.P.N. 
were reported, but this in itself was not a sufficient reason for the cracks. 
Trial weld runs under a variety of conditions to reproduce similar and 
higher hardness values were made in the same flanges unattached to pipes 
and in no case was cracking experienced. It was also noticeable that the 
cracks were always in the side of the flange welded last and no cracks were 
ever observed associated with the weld made first. 

Further, if the weld fillet size was reduced so that the toe of the weld 
remained in the weld material (Fig. 7), cracking was avoided. It would seem, 
therefore, that in this case the cracking occurs when two conditions exist 
together: 
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Fig. 5. Design of flange attachment 


Fig. 6. Crack originating at toe of fillet weld 
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(a) High internal stress 

(b) High hardness in the heat affected zone. 

Case V 

A more remarkable case of the facility with which heavy plate sections 
will crack was within the writer’s experience a short time ago. Plates 20 
ft. long by 117 in. wide and slightly over 5 in. in thickness in a steel of 34-40 
tons per square inch tensile range were received from the steel mill and were 
to be bent hot. The first plate, after bending and removing from the press, 
showed several small fractures along the two longitudinal undeformed edges. 
It was obvious that the plates had been gas cut to size without sufficient 
appreciation of the care that should be taken and, as a consequence, cracks 
formed initially by the gas cutting operation had developed further during 
processing of the plate. 



Fig. 7. Modified dimensions of fillet weld. 
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When this condition was noticed, a second plate of the series and with 
the following cast analysis was in the heating furnace and had reached a 
temperature of approximately 900°C preparatory to bending: 


Carbon. . . . 
Manganese 
Silicon. . . . 
Sulfur. . . . 
Phosphorus 


0.23% 

1.40% 

0 . 11 % 

0 . 021 % 

0.031% 


Instructions were therfore given that this plate should be removed from 
the furnace and allowed to cool on skids inside the shop. 

Meanwhile, to prevent the cracks in the first bent plate from spreading 
further, this plate was recharged into the furnace, reheated and then cooled 
for some hours before withdrawing. On withdrawing, the still hot bent plate 
was placed on top of the still warm flat plate and left there (Fig. 8). 

The effect of the relatively slight unequal heat of the hotter bent plate 
on the unprocessed flat plate was to cause cracks over two feet in length 
to develop from small gas cutting cracks present along one edge of the un¬ 
processed plate. 

This example is cited as an illustration of the susceptibility of thick plates 
to develop cracks and the apparently low average stress level that can lead 
to their propagation. 


Conclusions 

As stated in the introduction, we have been dealing here with “experi¬ 
ments” of a type that are not usually repeatable and care must be exercised 
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in the conclusions that may be drawn. It will, however, be acknowledged 
that the hypothesis that residual stresses lead ’to failures in fabrication has 
been of great utility in that modified practices based on the validity of this 
hypothesis have been proved successful over many years of development 
in this field of activity. It is therefore not suprising to find that fabricators 
of heavy welded constructions have a marked respect for the possible con¬ 
sequences of an uncontrolled or unrecognized system of residual stress. 


Some Typical Cases Where Residual Stresses 
Set Up by Welding Appear to Have 
Contributed to Ship Structural Failures 

D. ARNOTT 


Editorial Abstract 

Four cases of ships and the case of a subassembly which failed 
‘‘spontaneously” during construction by cracking for over ten 
feet are discussed. Ten other similar cases are mentioned, and 
hundreds of cases of shorter cracks are on record. Residual stresses 
are considered to have been an important factor in these failures. 
Such failures were not experienced in the building of riveted ships. 

The service records of some of the ships in which serious trouble 
occurred during construction were better than those of ships in 
which little trouble w r as experienced. 

The new specifications of the American Bureau of Shipping for 
ship steel together with continued improvements in design and 
workmanship are expected to go a long way toward solving the 
problems of ship welding. 


It is generally accepted knowledge that residual stresses in welds may 
approximate to the yield point of the deposited metal in tension. To evalu¬ 
ate the effect of those welding stresses on the service performance of a struc¬ 
ture is difficult because of the man}" variables involved. Many investigators 
faced with this perplexing problem have reached the conclusion that residual 
stresses have little or no influence on fracture. Nevertheless, many fractures 
have occurred in practice during the welding of large plate-and-shape struc¬ 
tures that can only be explained by assuming that residual welding stresses 
contributed to the structural failure. By residual stress is understood any 
locked-up stress resulting from the welding process and is assumed to in¬ 
clude any reaction stress caused by welding structural parts under restraint. 
The author will endeavor to cite a few of the more serious failures that 
have occurred to welded ships or welded ship subassemblies during the 
process of construction and prior to the entrance of the ships into service. 

Since the early application of welding to ship construction the Surveyors 
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of the American Bureau of Shipping in attendance at the various ship¬ 
yards were instructed to report in detail to the home office any fractures 
or any other irregularities such as pronounced buckling that could be at¬ 
tributed to the welding process. Attempts were made to analyze and to 
classify as far as possible these numerous reports with a view to disclosing 
any trends that would be of value in preventing similar trouble in the fu¬ 
ture. These records disclose that the origin of a crack could almost invari¬ 
ably be traced to a defective weld, and in some cases the defect was so minor 
that it could only be detected by careful radiographic examination. This 
condition is aggravated by the presence of any mechanical notch in the close 
proximity of the weld. 

An outstanding case on record is the 32-ft. transverse crack that devel¬ 
oped on December 2, 1942, in the shell plating of a transversely framed all- 
welded tanker (355 ft. long) under construction in Duluth. The ship was 
lying on the ways, so that it is inconceivable that any outside loads of ap¬ 
preciable magnitude were acting on the structure. No welding was being 
done on or nearby the plates involved at the time or for several days prior 
to the failure. The temperature at 8:00 a.m. when the crack developed 
was 2° above zero, having gradually risen from 5° below zero at 6:00 a.m. 
The erection and welding sequence was given as follows in the Surveyor’s 
report: 

“The bottom shell of four strakes between the flat keel plate and the bilge 
is prefabricated with connecting floors, each prefabricated section consisting 
of two shell plates with connecting floors. After laying the keel plating on 
the blocks and welding the butts, the bottom prefabricated sections are 
laid in a cradle formed of steel rails, laid fore and aft, supported on blocking. 
The welding of the keel butts, seams, and butts of the prefabricated bottom 
sections progressed forward and aft and outboard, and was followed by the 
erection of the side shell. In fact the whole hull welding sequence does not 
seem to be in question except the method of closing the bilge. While I do 
think that the sequence of welding of the seams of two bilge plates, before 
welding their connecting butts is poor practice, I believe that the principal 
objection is the fact that the connecting lower shell frames and bilge floors 
were welded last. This particular departure from the intended welding 
schedule obviously became of a more serious nature when associated with 
overdone fillet welding along the bilges.” 

In this case the origin of the resulting 32-ft. long fracture was at the lower 
end of a buttweld touching the bilge strake on the port side between frames 
46 and 47. The lower part of the crack extended across the bilge and inboard 
within the same frame space and stopped at the outboard edge of the gar- 
board strake. The upper part of the crack terminated 17 in. from the upper 
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edge of the sheer strake. The maximum opening was % in. near the origin, 
gradually diminishing in width in both directions. 

Thirteen other cracks of a length extending over 10 ft. have been re¬ 
ported on ships when being built on the ways. Three of these cases are 
presented herewith: On January 4, 1945, in Sturgeon Bay, Wisconsin, a 
C1M cargo ship almost completed sustained a fracture in a shell butt weld 
which extended into the plate material at both ends, the total length of 
the fracture being close to 10 ft. The apparent point of origin was at the 
intersection of the shell butt with a butt weld in the tank top that was 
welded some time previously. Failure of the welding is considered to have 
resulted from disregard of approved sequence in an area constrained by 
surrounding welds and aggravated by a wide variation of temperature, 
i.e., from 35°F. to 0°F. between the date of the original welding on January 
1st and the failure on January 4th. 

The two previous cases cited occurred when temperatures were close to 
0°F. In Pascagoula, during the construction of a C3 cargo ship on the 
ways, the deep tank top in No. 2 hold fractured transversely for a length of 
11 ft. 3 in. when the ambient temperature was 45°F. The fracture occurred 
on December 19, 1944, and the reason given at the time was that the welding 
attaching the deck plate to the hatch coaming was run past an unwelded 
butt in the coaming plate. The elapsed time between the completion of the 
welding and the occurrence of the fracture in question was about one month. 
The unwelded butt in way of the completed weld acted as a mechanical 
notch in the midst of a high tensile-stress region. A slight change in tem¬ 
perature apparently added sufficient load to the already highly strained 
notch to initiate the fracture that propagated in the plate material until 
the total released energy was plastically absorbed by the steel. 

Another somewhat similar fracture occurred on a Liberty ship lying on 
the ways under process of construction in Jacksonville, Florida, on the 
night of March 4, 1943.The temperature high on March 4 was 49° and 
the low was 40°F. The break, 12 ft. long, occurred on the starboard side in 
the bilge plates between frames 92 and 93. The fracture originated in the 
butt weld of one strake, propagated through the entire length of the weld, 
and extended at both ends into the adjoining plate material. The fractured 
butt was welded last some days previous to the casualty. A welded defect, 
in a state of stress close to a triaxial condition brought about by a combina¬ 
tion of welding residual stresses and thermal stresses due to the variation 
in ambient temperature, was suggested as the origin of the fracture. 

Fhe gieat bulk of the plate fractures reported on ships during construc¬ 
tion on the ways, are comparatively minor, i.e., not more than a few feet in 
length, but bear the same general characteristics. Some hundreds of such 
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cases are on record and indicate that the only conceivable sources of stress 
present to initiate and propagate the cracks were the residual stresses re¬ 
sulting from the welding process. As a significant observation it may be 
stated that the last welding operation of a somewhat complex weldment 
predominantly determines the residual stress pattern which bears on the 
ability of certain critical locations to deform plastically. Certain welding 
operations that gave trouble in some instances were carried out a number 
of times under practically the same conditions, without any sign of failure, 
and a reasonable explanation for such discrepancies would be some differ¬ 
ence in the welding sequence, particularly the last weld. The record of 
failures seems to confirm this point. 

The application of welding in ship construction made possible the building 
of large subassemblies that could be positioned in the shops in order to 
make the work easier and faster. Even in the case of comparatively small 
welded subassemblies reports of plate failures were experienced. As a typi¬ 
cal example, details of the failure of an upper deck hatch end beam of a 
Liberty ship are given as follows: The failure occurred in a Los Angeles 
shipyard on November 10, 1943. The yard temperature at the time was 
reported to be around 48°F. The subassembly consisted of an entire hatch 
end beam extending from side to side of the ship about 56 ft. in length 
(see Fig. 1). 

The part of the coaming in the center portion was about 20 ft. long, and 


Fig. 1 
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Fig. 2 


extended 3 ft. above the deck line. Because of this extension, an abrupt 
discontinuity is created at the hatch corners. A heavy face plate 1.25 in. 
thick was intermittently welded to the edge of the web below deck through¬ 
out the entire length to form the lower flange of the girder. The section in 
way of the coaming plate was stiffened with a bulb angle and in addition at 
the top with an angle and a half-round bar, these members all being con¬ 
tinuously welded. The first welds on one side were made on the ground and 
the whole assembly then turned over and welded on the other side. The 
failure occurred when the subassembly was being lifted by the crane and 
when it was about 6 in. clear off the ground. The crack originated at the 
sharp corner of the web plate forming the hatch corner, A in Fig. 2, and 
extended in the plating to B for a total length of 18 ft. 

An analysis of the stress set up at the point of origin of the crack by the 
lifting operation when the ends were cantilevered disclosed a tensile stress 
of only 2000 lb. per sq. in. Even if magnified by a high stress concentration 
factor of say 10 the designed working stress of the material would still 
not have been exceeded. 

In this particular case, the welding of the bulb angle stiffner, and the angle 
and half-round bar had proceeded in one direction from one end to the other 
as against the standing instruction issued to the yard to weld the section 
by starting at the center and proceeding to the ends. It is probable that 
this departure from the scheduled welding sequence set up high stresses in 
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the web plate which were amplified by the notch effect at the sharp corner, 
and in conjunction with the additional small stress set up during the lifting 
was the primary cause of the failure. 

Tensile tests of the plate material taken adjacent to the failure showed 
the ultimate strength to be 59,600 lb. per sq. in. with a yield point 57 per 
cent of the ultimate. The Rockwell hardness was B-68, and the elongation 
in 8 in. was 30.5 per cent. The ordinary bend test showed good results with 
no cracks of any kind. The grain structure was normal. Unfortunately, no 
Charpy test results are available. 

It should be emphasized that the above examples of failures occurred on 
ship structures during the process of construction where there were no 
external loads except perhaps those due to the weight of the structure it¬ 
self in cases where it was overhung or where it had lifted from its support¬ 
ing blocks. Such failures without any applied loading were not experienced 
in the building of riveted ships and are peculiar to welded construction. It 
should also be noted that they all happened during the war emergency when 
rapid construction was a predominant consideration and important matters 
such as soundness of workmanship and a strict adherence to welding pro¬ 
cedures and sequences were extremely difficult to control. Since the war 
the number of these plate failures per ship have been considerably reduced. 
Although a decided nuisance to builders they are not so serious as the fail¬ 
ures which occur after the ship is in operation. They are of primary impor¬ 
tance only if it can be shown that they have a bearing on the efficiency and 
reliability of the whole structure when operating under normal service con¬ 
ditions. As a matter of fact, the service records of some of the ships where 
serious troubles occurred during construction show up much better than 
those of the ships where very little building trouble was experienced. 

In the early days of ship welding, enthusiastic welding proponents con¬ 
sidered that the A. B. S. and other classification societies should reduce 
their rule scantlings, which were admittedly based on riveted practice if 
only in view of the absence of rivet holes, superior joint efficiencies, etc., 
etc., in welded ships. It was felt, however, that any such action would be 
premature until such times as more experience was gained of all welded 
ships in service. It is fortunate that these claims, which at first glance 
seemed to be based on sound theoretical considerations, were not conceded if 
only for the reason that the serious failures of some of our welded ships 
would undoubtedly have been attributed in some measure at least to lack 
of structural strength and not in any degree to the fact that they weie all 
welded. As a matter of fact this criticism was made after the failure at sea 
of some of the early Liberty ships which were immediately assumed to be 
“light scantling” ships when really the contrary was the case. 

One beneficial result of the service failures on welded ships has been the 


CONTRIBUTION TO SHIP FAILURES 


39 


tremendous amount of research initiated and still going on under the spon¬ 
sorship of various bodies such as the Ship Structure Committe in theU.S. A. 
and the Admiralty Ship Welding Committee in Great Britain, apart alto¬ 
gether from the research activities regularly carried out by the Welding 
Research Council and corresponding technical societies in other countries. 
Valuable work has been done on the ship steel itself with the result that 
to most naval architects such metallurgical terms as “notch sensitivity” 
and “transition temperatures” are no longer a mystery. Experience showed 
that steel which had proven quite satisfactory for riveted structures was 
just not good enough for large monolithic welded ship structures, and it 
naturally followed that the ship-steel specifications of the American Bureau 
of Shipping were revised in 1947 in order to provide a tougher material for 
plates over % in. in thickness without sacrifice of other desirable character¬ 
istics which go to make up “quality.” The use of the new material is bound 
to be beneficial and may very well solve our ship welding problems when 
and if associated with continuous improvments in design and always sound 
workmanship. 

To sum up, the author is strongly of the opinion that locked-up stresses 
have been and are an important factor in causing the structural failures in 
welded ships. 


Glossary of Shipbuilding Terms* 
athwartship —Reaching across a vessel, from side to side. 

bilge—The rounded portion of a vessel’s shell which connects the bottom with side, 
butt—That end or edge of a plate or timber where it comes squarely against another 
piece, or, the joint thus formed. The long edge of a plate is called the edge and 
the short edge is called the end. 

floor— A plate used vertically in the bottom of a ship running athwartship from bilge 
to bilge usually on every frame to deepen it. 
garboard— The strakes of outside plating next to the keel. These strakes act in con¬ 
junction with the keel and are usually thicker than the other bottom strakes. 
batch coaming— A frame bounding a hatch for the purpose of stiffening the edges 
of the opening and forming the support for the covers. In a steel ship it generally 
consists of a strake of strong vertical plating completely bounding the edges of 
a deck opening. 

scantlings— A term applied to the dimensions of the frames, girders, plating, etc. 

that enter into a ship’s structure. * 

seam—A term applied to an edge joint. 

sheer strake— The topmost continuous strake of the shell plating, usually made 
thicker than the side plating below it. 
strake —A term applied to a continuous row or range of plates. 

tank top— The plating laid on the bottom floors of a ship which forms the top side 
of the tank sections or double bottom. 


* Taken from Nomenclature of Naval Vessels , Navy Department, Washington 
D. C., 1942. [Editorl * ’ 




Residual Stresses as a Factor in Ship 

Fractures 

ADMIRALTY SHIP WELDING COMMITTEE 


Abstract 

Residual stresses were originally thought to be an important 
contributory cause of the failures in welded ships, but extensive 
investigations did not confirm this. It was inferred that in order 
to produce brittle fracture in a ductile material the residual 
stresses would have to be triaxial—biaxiality would not he suffi¬ 
cient; but triaxiality could only occur locally, whereas the fractures 
were extensive. 

Attention was therefore turned to the effects of “reaction 
stresses, ,, i.e., those due to restraint, but experiments made in 
Great Britain, which are described, and others made in U.S.A. and 
elsewhere, showed that the reaction stresses were small under 
practical conditions. 

It was therefore concluded that residual stresses do not impair 
the strength provided the material is in a notch ductile condition, 
but may lead to brittle fracture if the material is in a notch brittle 
condition. Material in the latter condition would, however, be 
liable to brittle fracture even if there were no residual stress. 

The possibility of detrimental effects of residual stress in fatigue, 
strain-aging, elastic instability and in notch brittle materials is 
being further investigated by a Committee of the British Welding 
Research Association, which includes members of the Admiralty 
Ship Welding Committee. 


At the time when disturbing reports were being received of failures in 
ships of welded construction, it seemed almost certain to the Admiralty 
Ship Welding Committee that the residual stresses due to welding were a 
contributory cause. There were ample indications pointing to the danger of 
such stresses. For example, some of the fractures occurred when the stresses 
due to external loading were small. The “Schenectady* : * broke in two in 
calm water while moored alongside a quay, when the calculated nominal 
stress at the origin of the fracture was only 9900 lb. per sq. in., i.e., 4.4 tons 
per sq. in. 1 It had also been noted that during the construction of some 
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temperature. In recent experiments carried out under the auspices of the 
British Welding Research Association 4 , however, it was found that to pro¬ 
duce fractures under the action of residual stresses alone, the constraint 
had to be extremely severe, and the temperature well below the “transition” 
range as revealed by notch impact tests. At such temperatures the material 
is in any case liable to fracture in a brittle manner, even in the absence of 
residual stresses. 

The Admirality Ship Welding Committee has therefore directed its at¬ 
tention towards other lines of investigation, and particularly towards the 
elucidation of the factors controlling notch brittleness. This does not mean, 
however, that investigation of residual stresses has been discontinued. On 
the contrary, a Committee (FE 19) has been formed by the British Welding 
Research Association to investigate certain directions in which residual 
stresses may be detrimental. Such directions include: 

(a) Possible effects of residual stresses on fatigue strength. 

(b) The liability of residual stresses to cause strain-age embrittlement. 

(c) The conditions under which residual stresses may cause elastic in¬ 
stability. 

(d) The conditions under which residual stresses may cause fracture in 
steels in a notch-brittle condition. 

This B. W. R. A. Committee includes several members of the Admiralty 
Ship Welding Committee, which through this medium continues to main¬ 
tain its interest in the investigation. 

References 

1. The Design and Methods of Construction of Welded Steel Merchant Vessels. Washing¬ 

ton, D. C.: Government Printing Office, 1947. 

2. First and Second Interim Reports of the Admiralty Ship Welding Committee. Report 

No. R.5. London: His Majesty’s Stationery Office, 1949. 

3. Transverse Contractions and Reaction Stresses in Butt Welded Mild Steel Plates. 

Report No. R.4, Admiralty Ship Welding Committee. London: His Majesty’s 
Stationery Office, 1950. 

4. Annual Report, 1949-50. British Welding Research Association. Pp. 27, 28. 



Some Notes on Typical Residual Stresses 

Encountered in Welded Ships 


P. FFIELD 


Editorial Abstract 

The author presents a nice survey of the residual stresses in 
welded ships that may have a significant bearing on the strength 
of a ship. Beginning with as-rolled plates, he indicates that in 
%-in. plates, rolling stresses of 6000 lb. per sq. in., compression, 
and 2500 lb. per sq. in., tension, may be expected. Tensile stresses 
along a flame-cut edge reach the yield point. 

Although surveys of welding stresses in the decks of completed 
all-welded ships and of welded ships with riveted shell seams 
showed no significant differences, the riveted ships were substanti¬ 
ally free from major cracking. 

An investigation of girth welds indicated “that varying the 
girth weld sequence had little effect on the magnitude of the 
residual stresses but the peaks of stress could be shifted to any 
desired location.” 

In a study of the stresses accompanying erection procedures, 
compressive stresses of 28,000 lb. per sq. in. were found away 
from welds. 

The possible importance of thermal stresses is suggested; and 
it is noted that studies on several Liberty ships indicated no signs 
of stress relief as the result of one year or more of service. 


Introduction 

When the tanker “Schenectady” broke in two early in 1943, it was the 
consensus of opinion that residual welding stresses were primarily respon- 
sible for the failure. As a result, numerous investigations were made by 
the National Defense Research Committee, the Bethlehem Steel Company 
and others with the principal aim of determining the magnitude and nature 
of residual welding stresses in essentially “all welded” ships. These notes 
summarize some of that research dealing with residual welding stresses 
fabrication stresses, erection stresses, thermal stresses due to changes in 
ambient temperature, and stresses in refrigerated cargo ships. 
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Method of Measuring Stresses 

Several techniques were used by the investigators for determining the 
stresses associated with welded-ship construction. Where it was desired to 
measure the total stress in the plate the trepanning technique using SR-4 
gages was generally employed. However, where it was desired to separate 
certain stresses as for example fabrication stresses, the “live” gage tech¬ 
nique was used. In this procedure a strain gage would be attached to the 
plating before a fabricating operation was carried out and a “zero” estab¬ 
lished at this stage. The change in gage reading after completion of the 
operation would represent the strain involved in that particular operation. 
In this live gage technique SR-4 gages were employed for short term proj¬ 
ects or where it was desired to confine the strain measurement to a small 
area. Modified Whittemore gages were used by the Bethlehem Steel Com¬ 
pany for long term projects or where it was desired to average the strain 
over some considerable gage length. The modification to the Whittemore 
gage consisted of welding to the structure to be investigated, two bars 
totalling approximately 5 ft. in length so that the gage length of the Whitte¬ 
more would be extended by that amount (Fig. 1). These bar gages were 
found to be particularly reliable for long-term projects such as measuring 
the cumulative stresses during erection of a vessel over a period of a year or 
more. Scratch marks on the bar permitted check readings to be taken with 
a Brinell microscope. Typical strain gage techniques are described in ref. 
1. and ref. 2. 

t 

Stresses in As-Rolled Plates 

Strain measurements made by the trepanning technique will include the 
strain resulting from stresses “rolled” into the plate during its production 
at the steel mill. These stresses are due principally to the cooling from hot 
rolling and from the subsequent straightening operation. Fig. 2 shows a 
typical stress pattern of rolling stresses in a %-in. plate as received from 
the steel mill. This legacy of stress is undoubtedly present to some degree 
in all as-rolled plates and is in fact typical of what one would expect in a 
plate which was flat and fair as it would be after the mill-straightening op¬ 
eration. Essentially there is a “picture frame” pattern of stress in the plate 
with compressive stresses of the order of 600 lb. per sq. in. in the “picture 
frame” and tensile stresses of the order of 2500 lb. per sq. in. in the “pic¬ 
ture.” In all probability this distribution of stress creates a drumhead 
effect and tends to hold the plate fair. 

Stresses Due to Burning and Welding 

Typical shipbuilding fabrication procedures build in localized stresses of a 
considerable magnitude. Fig. 3, for example, shows that stresses of yield 
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Fig. 1. Typical strain gage application for measuring stresses associated with 
welded ship construction. Modified Whittemore Gage, left. SR-4 gage on plate under 
dome cover, right. Detail shown at extreme right. 
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Fig. 2. Pattern of stresses in an “as-rolled” plate. 
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ELFFECT OF BURNING 



point magnitude occur parallel to the edge of a flame-cut plate. Longitudi¬ 
nal stresses of a similar order occur in way of a simple welded butt (Fig. 4). 
The National Defense Research Committee made an exhaustive study of 
residual stresses in butt welds in simple plates, subassemblies, and ships 
(Ref. 2*). It found that welding sequence and procedure including preheat 
had little if any effect on the longitudinal stresses escept in the case of a 
double-V block-welding procedure where the blocks were allowed to cool 
after completion. Only in the latter were lower longitudinal stresses de¬ 
veloped of the order of 25,000 lb. per sq. in. Even where two welds crossed, 
e.g., at the intersection of a buttf and a seamf in shell or deck plating, 
there is no increase in the residual longitudinal stress. Heating the compres¬ 
sion zone to a low temperature while keeping the weld cool accomplished 
considerable stress relief (low-temperature stress relief, see Fig. 4). 

Transverse stresses, depending as they do on the degree of restraint pres¬ 
ent, do not follow the same similarity of pattern. In a simple butt weld 
made continuously, the transverse stresses are moderatley high compression 
at the two ends and minor tension in between. When, however, block weld¬ 
ing is used peaks of tension and compression develop in way of the blocks— 
the tension being associated principally with the closing blocks. 

Peening can be effective in reducing longitudinal and transverse stresses 
providing no subsequent welding is carried out. 

Surveys of Welding Stresses in Completed Ships 

Numerous surveys were made by N. D. R. C 2 ,. Bethlehem, and others 
of the residual stress pattern in the decks of cargo ships and tankers using 

* This reference contains a complete bibliography covering all the pertinent N.D. 
R.C. reports on residual stress studies. 

f Butts are the transverse or athwartship joints, and seams are the longitudinal 
or fore-and-aft joints in plating. 
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E.FFELC.T OF DELUDING 



Fig. 4. Longitudinal stresses at a welded plate joint. Effect of “low temperature” 
stress relief also indicated. 


the trepanning techniques. Figs. 5 and 6 show the typical stress pattern 
characteristic of all of these investigations. The predominant features lie in 
the narrow peak of fore-and-aft* tensile stress (longitudinal weld stress) 
immediately associated with the weld, balanced by a broad band of com¬ 
paratively minor compressive stress lying in the body of the plate. The 
athwartship* stresses (transverse weld stresses) are consistently of a low 
order. 


At this point it might be well to consider what effect the plate rolling 
stresses have on the accuracy of strain gage values made by the trepanning 
technique. If the stress pattern shown in Fig. 2 is truly typical, one can only 
conclude that trepanned values would be subject to a variation of approxi¬ 
mately— 6000 lb. per sq. in. to +2500 lb. per sq. in. Asa matter of interest 
this range of variation just about occupies the degree of scatter encountered 
in the measurement of deck stresses in Victory ships and Liberty ships by 
the trepanning technique (Fig. 5 and Fig. 6). 

At the time of these N. 1). R. C. studies of stresses in the decks of welded 
ships a number of major failures, generally emanating from hatch corners 


were occurring in Liberty ships—with one notable exception. Those Liberty 
ships built at the Bethlehem-Fair field Yard were substantially free from 
major cracking. This improved performance was probably due to the fact 
that the shell seams on these Fairfield ships were riveted and not welded., 
as was the case with Liberty ships built in all other yards. The deck, how¬ 
ever, was all welded and the hatch-corner details were essentially the same 
as on Liberty ships built in other yards. Since the belief at that time was 
that residual stresses were the prime cause of welded ship failures, it was 
felt that a careful survey of residual stresses in the decks of the Bethlehem- 



Fore-and-aft stresses in a completed ship are longitudinal stresses in the seams 
are transverse stresses in the butts. Athwartship stresses are the opposite. 
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Fairfield built Liberty ships with the riveted shell seams might show a 
significant difference as to pattern or magnitude which could account for 
their better performance. A comprehensive study was therefore made of 
the deck stresses in seven Liberty ships building at the Fairfield Yard but 
no significant difference was observed between these partially riveted Lib¬ 
erty ships and the all-welded Liberty and Victory ships (Fig. 6). This was 
one of the first indications to shipbuilders that something more than the 
stress pattern in the deck was responsible for the deck failures in welded 
ships. This was a particularly important observation because as previously 
mentioned the hatch-corner details in the Bethlehem ships followed the 
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Fig. 6. Basic “locked-in” stress patterns for Bethlehem-Fairfield Liberty and 
Victory ships. NDRC and Todd*Houston test results also indicated. 


prototype design and would presumably be just as vulnerable to failure 
at this structural detail. 

Trepanned strain gage studies have not shown a similar distribution of 
stress magnitude for the fore-and-aft stresses away from the deck. For 
example, several probing strain measurements were made along the flat 
keel of a 13,000 ton cruiser just prior to launching. It was found that the 
fore-and-aft locked-in stresses in the keel plate away from the immediate 
vicinity of the weld were highly compressive, ranging from —11,500 lb. per 
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Fig. 7. Stresses measured by trepanning in the center of panels of the bottom 
shell and tank top of the “Dallas.” 

<—Fore-and-aft stresses (-f )Tension 

<--Athwartship stresses (—)Compression 

sq. in. to —28,000 lb. per sq. in. These stresses occurred in that region of 
the keel which had lifted away from the building ways during construction. 
The compressive stress resulting from the overhanging weight of the bow 
would only amount to about 2000 lb. per sq. in. at Frame No. 35 where the 
trepanned value recorded was 28,000 lb. per sq. in. The scrapping of a par¬ 
tially completed heavy cruiser at Quincy furnished the opportunity to 
make a number of random trepanned strain-gage measurements. Fig. 7 
shows some typical values away from the deck obtained in this study with 
stresses ranging from +12,000 lb. per sq. in. to -17,000 lb. per sq. in. 
and all gages located as far from welds as practicable. There would undoubt¬ 
edly be peaks of high stress in or near the welds themselves but the low 
stresses away from the welds—typical of the deck studies—are conspicu¬ 
ously absent. 
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Fig. 8. Model, representing scale reduction of a Liberty ship’s middle body 
used for girth weld tests at Quincy. * 


Live Gage Investigations of Girth Welds 

Live gage studies were made on large details to study the effects of 
welding sequence and erection procedures on the plate stresses as distinct 
from the stresses in the immediate vicinity of the weld. 2 * 3 An interesting 
example is the girth weld model 3 shown in Fig. 8. This model represented 
essentially a one-fifth reduction of the middle body section of a Liberty 
ship. Bulkheads and stiffeners were built in to duplicate the structural rigid¬ 
ity of the ship. The plan of research was to build the model in two halves 
and join these by a girth weld made with a planned sequence. Bands of 
strain gages were located 12 in. and 21 in. at each side of the girth weld. 
“Zeros” were established prior to welding and the change in fore-and-aft 
stress (transverse weld stress) due to welding was recorded. Upon comple¬ 
tion of the welding the model was cut in two at the weld and both halves 
were then stress relieved and the test repeated with a different sequence. 
Fig. 9 shows the stress pattern developed with two of the sequences studied. 
In sequence 1 the girth welding was started essentially at the centerline 
of the “ship” and the welding progressed outward toward the corners simul¬ 
taneously. This was typical shipbuilding practice at the time. It will be 
noted that the sequence produces a peak of fore-and-aft tensile stress near 
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STRESS PATTE.RKJS DUEL TO SEQUENCE 2.. 

Fig. 9. Stress patterns due to welding girth butt of model shown in Fig. 8. 


the four corners of the model corresponding to the top edge of the sheer 
stiake and the bilge strake. It is interesting to note that these areas proved 
to be zones where welded ship failures frequently started. The stress pat¬ 
tern developed in sequence 2 is the exact opposite. The peaks of stress 
occur essentially at the center of the deck and keel and sides. The sequence 
in this case is the reverse of the standard sequence and consists of start¬ 
ing the welding outboard, working simultaneously toward the centerline 
and neutral axis. 

In this study a number of variables were investigated and the model was 
subsequently modified to include a rounded bilge. The results can be sum¬ 
marized by stating that varying the girth weld sequence had little effect 
on the magnitude of the residual stresses but the peaks of stress could be 
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shifted to any desired location since maximum tensile stress occurs where 
the welding of the butt is completed while the greater compressive stress is 
generally in the vicinity of the start of*welding. 

This girth weld study was extended to a destroyer escort under construc¬ 
tion at the Bethlehem-Hingham Shipyard 3 . A girth weld just forward of 



+ 5000 


o 

Fig. 11. Stress patterns from tests on deck butt welds of five Victory Ships. 




Fig. 12. Modified Whittemore gage installation, on a keel unit, to measure stresses 


occurring during welding and straightening operations. 
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the bridge was selected for study. Strain gages were placed throughout the 
structure in this vicinity and strain gage readings taken as the welding 
progressed. The same general stress pattern prevailed as was encountered 
in the model stress peaks tended to develop when the welding was termi¬ 
nated at hard spots, as, for example, the junction between the shell and the 
deck (Fig. 10). 

Live Gage Investigation of Closing Deck Butt 

Live gage studies of erection stresses were extended to the closing-in 
deck butt welds on Liberty ships 2 and Victory ships 4 . One of the variables 
studied was the effect of welding these closing butts under different at¬ 
mospheric conditions. For example, it was thought that the stress pattern 
would differ significantly according to whether the closing butt was welded 
in the middle of a hot day or during a cold night; under the former condi¬ 
tions the root of the opening would tend to close while under the latter, it 
would tend to open. Both of these conditions were studied on five ships but 
no significant difference was found (Fig. 11). An interesting feature of these 



Fig. 14. Typical example of a subassembly, including the keel unit shown in 
Fig. 12. 
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live gage studies is the far-reaching effect of the welding on the development 
of welding stresses. In the Victory ship butt (Fig. 11) the gages were placed 
3 ft. and 9 ft. from the weld. Apart from the butt weld the rest of the struc¬ 
ture was restrained. It is significant that there was little difference between 
the readings of the gages at the 3-ft. and 9-ft. stations. These gages show 
clearly that the influence of welding manifests itself at a considerable dis¬ 
tance from the weld under conditions of restraint. 
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Live Gage Investigation of Erection Procedures 

Live gage studies of fore-and-aft fabrication stresses were made over an 
extended period of time during the building of a number of Victory ships 
in Pacific Coast Yards 2 , and two heavy cruisers, the U. S. S. “Salem” and 
“Des Moines” at the Quincy, Massachusetts Yard of the Bethlehem Steel 
Comapny. 5 In the latter study the first step was to follow the development 
of fabrication stresses on the keel unit assembly section (Fig. 12). Whitte- 
more strain gages (10-in. gage length) were located 1 ft. and 2 ft. from the 
weld joining the vertical keel to the rider plate and flat keel. As these members 
were welded together compressive stresses due to the welding were de¬ 
veloped of the order of 4000 to 8000 lb. per sq. in. as shown in Fig. 13. Since 
the welding was all on one side of the rider plate and of the flat keel, the 
unbalanced effect caused the edges of the rider plate to pull down and the 
edges of the flat keel to pull up. This distortion had to be corrected by flame 
straightening and the live gages showed that the straightening operation 
alone involved additional compressive stresses of the order of 6000 lb. per 
sq. in. Subsequent trepanning of SR-4 gages showed that the cumulative 





Fig. 16. Example of the long narrow forward end of a ship lifting off the keel 
blocks as a result of welding the upper structure. Note the board indicating a 33^-in. 

lift. 
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compressive stresses resulting from the rolling of plates at the steel mill, 
and the welding and straightening of the subassembly ranged between 
11,000 and 17,000 lb. per sq. in. compression. These trepanned values are 
in good agreement with the total of the individual fabrication stress meas¬ 
urements. 

Subsequently, these keel units became components of larger subas¬ 
semblies—Fig. 14 is a typical example—and as these were assembled the 
welding stresses were investigated. Additional fore-and-aft compressive 
stresses as high as 11,700 lb. per sq. in. were developed in the flat keel sec¬ 
tion of the assembly (Fig. 15). Later as these assemblies were welded into 
the ship additional compressive stresses were involved. The following table 
gives a breakdown of the fore-and-aft stresses developed along a keel plate 
during these two erection operations. 


Fore-and-Aft Stresses along Keel Plate Only 


Subassembly Unit No. 

Gage Location (Fr. No.) 

(A) 

Stress Due to Welding 
of Bottom Shell S.A. (psif) 

(B) 

Stress Due to Ship 
Welding only (psi) 

CO 

-^1 

* 

32 A 

-6,000 

-13,000 

38 

25 A 

-800 


39 

18 A 

-7,500 


. ' 40 

11 A 

-11,700 



• Only partially welded; unit was broken up into sections for shipment to building ways, 
f Does not include welding of keel units. 


The cumulative effect of these welding stresses in fabricating the keel, 
building the subassembly, and erecting in the ship will be considerable if 



Fig. 18. Calculated bending moment stresses in the unsupported forward end of 


a cruiser. 
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subsequent operations do not materially affect them. The probing strain- 
gage measurements previously referred to which were made in the flat 
keel of a cruiser just prior to launching bear this out. In the general region 
of the subassemblies included in the above table, compressive stresses rang¬ 
ing from —11,500 lb. per sq. in. to —28,000 lb. per sq. in. (trepanned SR-4) 
were recorded. 

The erection sequences for the two cruisers differed and this had a sig¬ 
nificant effect on the degree of lifting of the bow of each vessel from the 
building ways, i.e., lifting due to distortion caused by the welding (Fig. 16 
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No.3 Turret No.2 No.l 



1945 19 46 


TIME 


NOV 

DEC 

JAN 

FEB MAR 

APR 

MAY 

JUNE JULY 

AUG | 


Stress In psi 



Fig. 22. Stress changes in the side shell of the “Des Moines’’ during construction 
on the building ways. 
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and Fig. 17). This unsupported overhang of the bow would cause a bending 
stress of 5000 lb. per sq. in. in the deck (tension) and keel (compression) at 
a point 120 ft. aft of the forward perpendicular where the keel started to 
lift from the blocks (Fig. 18). Figs. 19 to 25 show the live gage readings 
during construction of the two vessels. It is interesting to note the high 
order of stresses developed and the tendency towards higher compressive 
stresses in the keel of the “Salem,” the bow of which lifted approximately 
6 in. from the blocks. In general there was no significant trend in the stresses 
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Fig. 23. Stress changes in the side shell of the “Salem” during construction on 
the building ways. 
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Fig. 24. Stress changes in the decks of the “Des Moines” during construction on 
the building ways. 
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Fig. 25. Stress changes in the decks of the “Salem” during construction on the 
building ways. 
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Fig. 26. Thermal stress patterns, associated with changes in ambient tempera¬ 
ture, in an LST. NDRC investigations on one Liberty, two Victories, and one C-2 
revealed similar stress patterns but usually of somewhat greater magnitudes. Notes: 
All stress changes (psi) in fore-and-aft direction. Tension (+) plotted outboard. 
Compression (—) plotted inboard. AT = Temperature change, not actual tempera¬ 
ture. 













TYPICAL STRESSES IN WELDED SHIPS 


71 


in the side shell on either vessel, but in the decks higher stresses predomi¬ 
nated in the “Des Moines.” 


Thermal Stresses 

While thermal stresses are transient they must nonetheless be considered 
in the same light as residual stresses. Several studies have been made on 
ships under conditions where temperature differentials are caused by sun 
and shade or are due to mechanical refrigeration. Fig. 2G summarizes some 
of these tests and shows that natural temperature changes introduce moder¬ 
ate changes in stress in shell and deck plating with peak values of the order 
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Fig. 26 —continued 
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FORE AFT STRESS*^ DUE TO 
COOU1MG DOWN REFRIGERATED SPACE 
AVG- OUTSIDE TEMP. ftO*F. 

HOLD COOLED DOWN FROM lOO*F "TO IS* F. 



CHANGE DUE TO SUM HEAT WIG 
DECK FROM 60°r. TO UO° F. 

HOLD REM AIM INiG AT IS* F. 

Fig. 27. Thermal stress patterns in a ship with refrigerated cargo spaces. 


of 6000 lb. per sq. in. Somewhat higher values of the order of 10,000 to 
15,000 lb. per sq. in are readily developed in ‘tween decks of refrigerator 
ships (Fig. 27). The latter apparently have influenced the location of the 
failures shown in Fig. 28. 

Stress Relief in Service 

TheNational Defense Research Committee 2 studied the possibility of stress 
relief due to working stresses causing yielding in regions of high residual 
stress. Planned hogging and sagging tests showed that some relief took 
place in areas where initial stresses were very high but that the degree of 
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Froctures in 5 ships shown; minor crocks in 6 other ships not shown 

Fig. 28. Critical areas in decks of C2 cargo and C2 refrigerated ships. 


relief was considerably less than the applied stress. Subsequently similar 
studies were made on two vessels on their first voyages but weather condi¬ 
tions were mild and no significant changes in residual stresses were noted 
In this connection the Bethlehem Steel Company made residual stress 
studies on several Liberty ships in their repair yards. These ships had been 

in service more than one year and no signs of stress relief were noted within 
me limitations of random checking. 
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The object of this paper is to review some of the research dealing with 
residual stress in ships rather than to discuss the significance of these 
stiesses as far as welded ship failures are concerned. By way of summary it 
can be stated that the typical stress pattern developed by trepanned gage 
studies (Figs. 3 and 8) is not necessarily characteristic for the entire ship. 
Live gage and trepanned gage studies show that stresses away from the 
weld exist in the shell, ‘tween deck and keel plating far exceeding the —5000 
lb. pei scp in. generally associated with the main deck. Each fabricating 
step leaves its legacy of locked-in stress. The cumulative effect can be con¬ 
siderable in some regions.The magnitude of the stresses does not seem to 
change materially if the structure distorts significantly in welding. Service 
stresses may well cause local yielding in highly stressed areas but this effect 
is likely to be minor. Residual stress patterns in “all-welded” Liberty 
ships, “riveted and welded” Liberty ships, and Victory ships are identical 
for all practical purposes; but majorfailures in the “all-welded” Libertyships 
have been significantly more prevalent than in the Victory ships or partially 
welded Liberty ships. 
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Some Considerations Regarding the 
Generation and Importance of 
Residual Welding Stresses 

L. E. BENSON 


Abstract 

The author discusses first the effect of size of a structural com¬ 
ponent. It is held that where welds up to in. thick are in¬ 
volved serious cracks may not normally he expected. With parts of 
larger size, however, the risk of cracking rather than yielding 
under stress (either residual or applied) becomes serious. Experi¬ 
ments by Docherty and by Phillips and Hevwood are referred to 
as well as a case in the author’s own experience. Welds 1 in. thick 
and over require special precautions, e.g., stress relieving or peen- 
ing under proper conditions. 

Robertson’s tests are cited to show that a crack once started 
may he propagated at a stress as low as 5 tons per sq. in. (at — 40°C). 
It is suggested that in such cases low temperature is not im¬ 
portant per se and that easy propagation of cracks occurs at normal 
temperatures under suitable conditions of size and shape and can 
lead to failure including failure of the catastrophic type. 

Attention is called to the danger of residual stresses causing 
cracking in service in high creep-strength materials at high steam 
temperatures. 

The importance of residual stresses in reducing the fatigue 
strength of welded joints has generally been masked in the past by 
other factors. It is shown by Goodman diagrams however, that, 
while residual stresses are only of minor importance under condi¬ 
tions which permit yielding, they may affect fatigue strength 
seriously under dimensional conditions which preclude yielding. 


The writer has recently had opportunities for discussion with some metal¬ 
lurgists and engineers in the United States, and in a number of other coun¬ 
tries as well as in Great Britain, and has been struck by the lack of unanim¬ 
ity in regard to the factors governing residual welding stress effects and 
the importance of residual welding stresses. While, for example, in many 
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firms precautions are taken against the generation of high internal stress 
during welding with subsequent stress-relieving heat treatment to ensure 
minimum internal stress in service, there are those who maintain that 
internal stresses are of no detriment once a welded structure free from cracks 
has been made, or that the value of a postwelding heat treatment lies in the 
micro-structural changes effected rather than in the dissipation of stress. 

In view of the above, it seemed worth while setting down a few general 
observations and views bearing on the subject of residual welding stresses. 
While the picture presented in this paper is necessarily brief and incom¬ 
plete, it is hoped that most other workers will find themselves in agreement 
with it. If not, it will perhaps still serve a useful purpose in bringing out 
points of difference or doubt on which clarification is required. It is hoped 
also to dispose of any doubt as to the importance of residual stresses in 
service. 

Generation of Residual Stresses and Manufacturing Conditions 

Whenever a bead of weld metal is laid down, both it and the adjacent 
parent metal suffer such marked and nonuniform temperature changes that 
plastic flow or yielding must occur. In addition to this, on a multirun joint, 
metal put down in the early stages may be subject to additional strain 
effects subsequently, without appreciable heating and cooling, because of 
the contraction of later runs. 

With the majority of welded mild steel structures involving components 
and welds up to say Yi in. thick, the flexibility of the structure and the 
capacity of the weld, and parent material, to yield plastically is normally 
sufficient to avoid the development of serious cracks in manufacture or in 
service. Unless special precautions are taken, however, appreciable internal 
stresses are always present. Their magnitude will certainly be of the same 
order as the yield point of the material (as normally determined on a 
tensile test) and may be higher. Such stresses may not be apparent but 
their presence is sometimes revealed by distortion of the part if their 
balance is disturbed by machining, or if local yielding is caused through 
the application of externally applied stress. The latter need not always be 
a sendee stress and may be due to conditions not visualized by the designer, 
e.g., inertia stresses on lifting or in transit, stresses due to maneuvering 
into position on assembly, thermal stresses in parts of varying section on 
heating and cooling. 

With structures of the type referred to, serious cracking seldom occurs 
and stress relieving if applied after welding is mainly for stability and 
freedom from distortion. 

With parts of larger section, the risk of cracking as the result of residual 
stresses increases with the dimensions. The rigidity of the structure and 
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the restraint afforded against contraction of the weld metal is always an 
important factor and, with component parts of heavy section, ridigity 
tends to increase. Apart from this, however, experience indicates that there 
is a scale or dimensional effect which also operates unfavorably, the effect 
being that as dimensions increase, residual stresses are less easily accom¬ 
modated by yielding, with the result that cracking occurs. There is evi¬ 
dence, apart from experience with welded joints, to support this view. 
Docherty 1 , for example, showed in some classic experiments that with 
geometrically similar Izod-shaped specimens machined from the same 
piece of steel and broken slowly in bending, the type of failure changed 
progressively from “tough" and ductile to “brittle” and nonduetile as the 
dimensions were increased from 10 mm. bv 10 mm. to 100 mm. by 100 mm. 
A somewhat similar scale effect has also been found to exist both in notched 
and unnotched fatigue tests 2 . Evidence of this type and practical experience 
indicate that in heavy welds the risk of cracking rather than yielding under 
the influence of residual stresses becomes very serious. Alternatively, if 
cracking does not actually occur, very high internal stresses—up to the full 
strength of the material—may be present. 

Fig. 1 is a good example of this type of cracking. It shows an etched 
section of a 2-in. deep longitudinal Y-weld in a 14-in. diameter mild steel 
shaft. (The crack was shown up by magnetic testing and was not open as 
it appears on the illustration. Sections were cut after stress relieving at 
650°C.) Xo preheating or peening was used but the welding technique was 
good, a good class of covered mild steel electrodes was used, and the duc¬ 
tility (by normal standards) of the weld metal was confirmed by cutting 
out bend-test pieces subsequently. The cracking is due to the inability of 
the material to yield and thus accommodate thermal strains under the 
dimensional conditions imposed. The restraint is admittedly very severe 
hut had the groove only been, say, half an inch deep the weld would have 
been quite sound. 

It is interesting to note that the crack stopped short of the top of the 
weld and also of the end faces where the free surfaces permitted less severe 
restraint. 



Fig. 1. Etched section through 2-in. deep welded groove in 14-in. diameter shaft 
showing crack due to contraction stress. 
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Incidentally, a consequence of this is that the crack could not have been 
detected by surface inspection methods and, as this is a characteristic 
effect, it raises important questions in regard to the inspection and testing 
of heavy welds, and the fitness for service of such welds where the possibility 
of internal cracks of this type has not been recognized. 

The writer’s experience is that in general engineering work welds 1 in. 
thick and over made under normal shop conditions are liable to contain 
very high internal stresses, even if they appear sound, and they require 
special precautions to be taken. Stress relieving should be applied if at all 
possible. Where stress relieving is not possible, the ridigity of the part, 
welding sequence, and special precautions other than stress relieving require 
very careful consideration. 

It is not proposed to deal with the prevention of residual stresses in this 
paper but it may be noted in passing that peening—under proper condi¬ 
tions can be very beneficial and its value does not appear to have been 
fully realized. 

Residual Stresses Under Static Service Loads 

Normal Temperatures. As pointed out above, if cracking is avoided in 
large welded joints the limited yielding capacity may result in abnormally 
high internal stresses. If these stresses are not relieved they may reduce 
the real margin of safety in service to a very small value and such that a 
trivial overstress in service, due perhaps to small differential temperature 
stresses or other minor effects not allowed for in the design, will trigger a 
serious crack into being. 

Just how serious such a crack will be depends on a number of factors 
including the forces and stored energy available to spread the crack. In 
this connection, Robertson’s 3 demonstration of very low energy and very 
low stress—down to 5 tons per sq. in.—necessary to spread a crack in mild 
steel under conditions where local yielding does not occur are most signifi¬ 
cant. Although he obtained the necessary experimental conditions by a 
combination of biaxial restraint and low temperature, it is suggested that 
the low temperature is not important per se but only as one factor favoring 
cracking rather than yielding. (There are other factors, of course, e.g., 
changes in section and accidental discontinuities in the weld metal.) If 
this conception is right, similar results would be obtained at normal tem¬ 
peratures with somewhat increased dimensions. These conditions might be 
difficult to reproduce experimentally in the laboratory but experience indi¬ 
cates that they are within normal engineering practice. Such conditions 
involving high residual stress, limited capacity for plastic strain, and the 
spread of cracks (once they have started) at low stress and with low energy 
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absorption may well be found to be the most important factors favoring 
brittle failure. 

If external loading and restraint are considered also, the same factors 
have a wider significance. In either case failure may be sudden and cata¬ 
strophic. 

It should not be forgotten that with heavy welds very high residual 
stresses may be generated under normal welding conditions without exter¬ 
nal restraint. 

Low Temperatures. Innumerable investigations have been reported show¬ 
ing that a reduction in testing temperature results in reduced ductility 
and notch toughness. But “transition temperatures” and reduced impact 
values are only empirical data of interest as indications of the changing 
ability of the material to suffer local plastic strain. In some respects it is 
unfortunate that it has been more convenient to vary testing temperature 
rather than other variables such as size of test piece and notch conditions. 
There is surely no essential difference between brittle failure at subnormal 
temperature and brittle failure at normal temperatures. The conditions 
for nonductile failure are merely easier to achieve at low temperatures. 

Nor is it believed that any structure failed merely because it was cold; 
only because it was required to suffer local plastic strain to a degree that 
was not possible under the temperature and dimensional conditions (both 
size and shape) imposed. 

High Temperatures. At normal and low temperatures the effect of lower¬ 
ing the temperature is generally to favor brittle rather than ductile failure. 
However, with the types of steel and other alloys normally used for high- 
temperature service in steam turbines, gas turbines and similar equipment, 
failure under tensile “creep” conditions, i.e., after prolonged loading at 
temperature, also tends to occur with less ductility than would be found 
on a simple tensile test at normal temperature. Residual welding stresses 
therefore require consideration from this point of view. 

The degree of ductility found on creep testing depends on the material, 
the duration of test before failure occurs and other factors, but under 
some conditions the ductility may be so low that it is unsafe to assume 
that in a welded high-temperature joint creep can be relied on to reduce 
high residual stresses to a safe level without cracking. 

This point is well illustrated by the case of a circumferential seal weld 
in 0.5 per cent Mo steel at a joint in a steam pipe working at 925°F. and 
900 lb. per sq. in. The weld was a seal weld only, the construction being 
such that it carried no stress due to steam pressure. However, as the weld 
had not been stress relieved in line with the usual practice it went into 
service subject to considerable axial contraction stress as a result of which 
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Fig. 2. Crack developed in 0.5% Mo steel weld (not stress-relieved) after 4000 
hours at 925°F. 


after about 2500 hours’ service it failed by cracking so that steam leakage 
occurred. Fig. 2 shows part of the crack in the weld metal, the intercrystal¬ 
line nature of the crack being characteristic of this nonductile type of 
failure. 

It is essential that steam pipes and other welded structures for high- 
temperature service in alloy steels and other special materials be effectively 
stress relieved before commissioning. 

Residual Stresses Under Fatigue Service Loading 

Many attempts have been made to determine the fatigue strength of 
welded joints both with and without stress-relieving treatments designed 
to show the effect of residual stresses. It has generally been found that 
under the best conditions the fatigue strength of the welded joint is con¬ 
siderably lower than that of a solid specimen of the same dimensions. 
However, in view of the marked effect ol discontinuities in the weld metal, 
and the presence of microstructural and hardness changes and the difficulty 
of measuring residual stresses, the importance of this latter factor in 
weakening the joint as a whole has not been clear. Indeed, it is believed 
by some that residual tensile stresses do not impair the fatigue strength 

of welded joints. 
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Such a view does not appear to be rational and is not consistent with 
the acknowledged beneficial effects of such treatments as rolling, peening 
and shot blasting, which produce surface compression, on the fatigue 
strength in bending of bearing journals, wheel seats, etc. 

Investigators do not appear to have recognized either that with mild 
steel as used for the majority of welded constructions the upper limit of the 
fatigue range of stress (with zero mean stress) is approximately equal to 
the yield point (of the parent metal if not of the weld metal) so that, with 
the moderate size of fatigue test specimen that can be handled under 
laboratory conditions, yielding may occur and may reduce the effective 
applied stress as shown in Fig. 3 (a). The Goodman type of diagram shown 
in Fig. 3 (a) is sufficiently near the truth for this argument. If a cyclic 
stress equal to the normal fatigue range A-B is applied to a specimen, the 
presence of a tensile residual surface stress equal to x might be supposed 
to modify the real applied stress to A'-B', but if yielding occurs the real 
effective range A"-B" may approach closely to A-B. Because of this 
effect it is unlikely even under the best conditions that small mild steel 
specimens will show weakening due to residual stresses in excess of 5 to 
10 per cent. 

With bigger welded structures, however, involving heavy welds, because 
of the dimensional effects discussed earlier in this paper, because mild steel 
weld metal itself sometimes possesses remarkably high elastic properties, 
and because changes of section are involved, a scale effect is to be expected 
acting to reduce the real factor of safety on the larger structures in the 
presence of tensile residual stress. 

This effect can be more readily observed in heat-treated aluminum 
alloys since they have a Y.P./U.T.S. ratio considerably higher than is 
normal for steel. Hence the Y.P. is also well above the Wohler fatigue 
range. Rosenthal and Sines 4 have shown, for example, that with such an 
alloy the apparent fatigue strength can be increased or decreased by more 



Fig. 3. Effect of residual stress on fatigue strength. 
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than 30 per cent by local compressive and tensile residual stress respec¬ 
tively. The same effect must be expected with steel under conditions of size 
and shape such that high local stresses are not readily relieved by yielding. 

A case in which the stress effect happened to be separated from other 
influences is that of a mild steel motor shaft with overhung pinion which 
failed in normal service although the imposed bending stress was low. 
The design was well established and the only shaft to fail was one which 
had been welded at the edge of a shoulder, as indicated in Fig. 4, because 
of a machining error. Because the welding was on a shoulder the fatigue 
crack occurred in parent metal close to the edge of the altered structural 
zone. There was no softening at this position, however, and it appeared 
therefore that failure was primarily due to residual tensile stress due to 
welding. 


We/d 



Fig. 4. Fatigue crack in welded shaft. 


The stress ranges indicated in Fig. 3 (a) do not, of course, represent good 
engineering practice. Generous factors of safety are normally allowed in 
welded parts subject to fluctuating stresses, but there is still the possibility 
in the presence of residual stresses even of moderate magnitude, of a 
dangerous reduction in the real factor of safety. This is indicated in Fig. 
3 (b) where C-D is the applied stress range, Y the residual stress and 
C'-D' the real stress range. 

Summary and Conclusions 

(1) Some factors favoring the development of high residual welding 
stresses have been considered and reasons given for concluding that such 
stresses may be very important and may bring about failure of welded 
structures in service at high, normal and low temperatures and under 
static and dynamic loading. 

(2) Temperature and dimensional effects (both size and shape) are both 
important in determining whether yielding or cracking will occur under 
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high local stress (either residual or applied externally) and it is suggested 
that there is no difference between brittle failure at normal and subnormal 
temperatures except insofar as temperature modifies the dimensional limita¬ 
tions favoring cracking rather than yielding. 

(3) A great deal of investigational work has been devoted to the study 
of temperature effects on the energy absorbed in fracturing notched test 
pieces under arbitrarily chosen conditions but far too little has been devoted 
to the dimensional and other conditions under which brittle cracks can be 
initiated and maintained at normal temperatures. Work along these lines 
is not only of fundamental importance but of real practical value since 
within the limits of normal engineering and welding practice today, residual 
welding stresses can result in serious cracking during manufacture or, failing 
this, serious reduction of the real factor of safety in service involving risk 
of brittle failure under low values of externally applied stress. 
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Residual Stresses in Welding 


W. SPRARAGEN 


Editorial Abstract 

In a brief opening assessment of research investigations of resid¬ 
ual stresses the author mentions in particular the need for more 
adequate investigation of the possible relation between latent en¬ 
ergy and the propagation of a crack. 

Local residual stresses are discussed, and the author concludes 
that in the absence of cracks they are not important except pos¬ 
sibly under conditions of restraint, low temperature, high-speed 
loading, or a combination of these. Reaction residual stresses are 
considered to be more important and may cause failure of a struc¬ 
ture at a reduced load. 

Specific topics are treated in the remainder of the paper: 

The author holds that the effect of residual stresses on the 
strength in fatigue is not clear because other factors, such as 
work-hardening, have entered in most of the relevant experi¬ 
ments; 

In discussing impact, including the tests on 16-in. I-beams at 
Columbia University, the author finds no conclusive evidence that 
residual stresses affect impact strength; 

The importance of welding sequence and the effect of residual 
stresses on dimensional stability and distortion are brought out; 

Although peening is held to be often necessary or beneficial, the 
author does not consider that the reason for peening is primarily 
to reduce residual stresses; 

Reduction of residual stresses by thermal means, by over¬ 
stressing, and by low-temperature stress relief is discussed briefly. 

The conclusion is reached that the only serious deleterious 
effects that may emanate from sound welds are distortion of the 
structure and the generation of high reaction stresses. These effects 
can be minimized or controlled. 

Introduction 

Some ten years ago if a failure occurred in an important welded structure 
most engineers were quite ready to ascribe it to residual welding stresses. 
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Today engineers who have devoted some study to this subject would hesi¬ 
tate to blame residual welding stresses as a major cause of failure. 

In the last decade more than a million dollars has been spent on research 
by various government agencies, the Welding Research Council, and others 
here and abroad, in an attempt to demonstrate by physical tests the dif¬ 
ference in behavior of structures or specimens of structural steel, some 
with and some without residual welding stresses. A great deal of money has 
been spent in perfecting methods for measuring residual stresses, some of 
them destructive, others semidestructive, and still others nondestructive. 

The tests which have been referred to above have varied from those 
on simple laboratory specimens to heavy girders each approximately 2 
ft. square and 23 ft. long, of material 2}/ 2 in. thick, and weighing 9 tons 1 . 
Other specimens have been tested under biaxial loading, such as tubes 
under hydrostatic pressure pulled in a tension machine with various ratios 
of biaxiality of stress 2 . The author does not recall a single instance in which 
laboratory tests of structural steels (except in the premature buckling of 
columns) have demonstrated beyond a shadow of doubt that there is any 
significant difference in behavior of a structure or specimen with residual 
stresses and one without residual stresses. 

It is entirely conceivable, however, that a structure such as a welded 
ship provides a degree of rigidity and restraint not encountered even in 
the heavy box girders mentioned above. It seems, therefore, entirely proper 
for the engineer to speculate and use his judgment in trying to assess con¬ 
ditions and possibilities beyond the ranges which have been explored by 
these extensive investigations. One of these ranges which has not been in¬ 
vestigated adequately is the storage of sufficient energy in “reaction stresses 
and strains” to propagate a crack. 

As is well understood, in stress-corrosion and stress-rupture studies, 
residual stresses do have a large adverse effect. There is also some reason to 
believe that this may hold true in corrosion fatigue. In some fatigue tests 
conducted for determining the endurance limit under several millions of 
cycles of stress there has been about 10 per cent variation due to residual 
stresses 11 . 


Definitions 

Stresses develop in a weld and welded structure when the dimensional 
changes on heating and cooling cannot take place freely. These changes are: 

(1) Three-dimensional thermal expansion and contraction of the base 
metal and weld. 

(2) Dimensional changes of a metallurgical nature such as the expansion 
associated with the transformation of austenite to pearlite or martensite. 
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Residual stresses are the balanced stresses within a structure when there 
are no loads on the structure. 

Almost every weld, even a tack weld, will produce, locally, stresses 
approximating the yield point* of the material which is being welded. 
Very early in studies of residual stresses the engineer found it desirable 
to differentiate between the various types of residual welding stresses. The 
stresses caused by restraining the dimensional changes are of two types. 

Local Residual Stresses are the result of shrinkage of metal on cooling, 
metallurgical changes, or plastic deformation at elevated temperatures of 
adjacent sections of the weld and base metal. They occur in all three 
dimensions with both free and restrained base metal and may be regarded 
as being due to restraint of the movement of one part of the base metal or 
weld by other parts. 

Reaction Residual Stresses result from external restraint of free move¬ 
ment external to the assembly or assembly part under consideration. 
Naturally, the part under consideration could be very minute or quite 
large. However, reaction stresses are that type of residual stresses which 
involve large volumes of metal (and energy) as contrasted with local 
residual stresses which have only a limited range of action. There is scien¬ 
tifically, however, no difference between local residual stresses and reaction 
residual stresses. The distinction between them is purely a matter of con¬ 
venience and to indicate the large amount of energy usually associated with 
the conception of reaction stresses. 

To the pure scientist there is, of course, no difference between the two 
types of stresses, as they are caused by one and the same thing. To the 
engineer there is a considerable difference because of the difference in 
amount of stored energy. This article will deal with the so-called weld-stress 
problem, although some reference will have to be made to the weldability 
features. 

From the very outset, therefore, it can be seen that the problems con¬ 
nected with weldability and welding stresses are scientifically inseparable. 
However, the problem is so broad and complex that it does appear desirable 
to make an arbitrary separation. One such separation is therefore suggested 
on the basis of considering under the head of weldability the problems that 
relate to the preparation for welding, the welding operations, and the 
subsequent cooling to ambient temperature. Under the head of the weld- 
stress problem is considered what takes place after this cooling is com¬ 
pleted. Of course there are borderline cases as, for example, cracking on 
cooling from summer to winter temperatures extending over a period of 
several months, or cracking which takes place several days after the welding. 

* In some structures this yield point would be at least the biaxial yield point. 
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If shrinkage were under rigid restraint on all three axes, it is obvious 
that the metal would either crack or leave some kind of a shrinkage cavity. 
Even in the case of the usual weld where the restraint is not complete and 
is only of an essentially biaxial nature, cracks do actually occur. 

Nearly every weld must flow plastically on heating and cooling. If the 
condition of restraint is sufficient to cause the shrinkage stress in the 
particular volume and type of weld metal to exceed the fracture strength 
before the metal can flow plastically as it cools, the weld metal will crack. 
Now as part of the arbitrarily defined weldability problems, the welding 
engineer has learned how to deal with these conditions of restraint. A 
few of the common devices are preheating of parts; thermal stress relieving 
the entire structure before it cools; changing the volume or character of the 
deposited metal such as by the use of austenitic and low-hydrogen elec¬ 
trodes; peening; wandering sequence; step-back methods of welding; 
small electrodes; block welding; and a host of other devices 3 • 4 • 6 . The 
object of these devices is to secure a crack-free structure on cooling to 
ambient temperature. Unfortunately, however, in spite of all precuations 
the structure may not be crack-free although it may appear to be so. 
Therefore hidden cracks must be considered in analyzing the problem. 

Local Residual Stresses 

It is the author’s contention that local residual stresses are not ordinarily 
harmful during the useful life of a structure, provided a crack has not been 
formed on cooling the welds to ambient temperature. However, micro¬ 
scopic cracks may develop on cooling from 400°F. under restraint in the 
presence of hydrogen. If the weld has cooled without such cracks it can 
be demonstrated, mathematically, that a yielding of less than 1 per cent 
would relieve the residual welding stresses 6 . Experiments have been per¬ 
formed to show that a heated spot in the center of a specimen can produce 
a residual welding stress pattern with a maximum stress equal to the 
yield point of the material. As soon as tension is put on this specimen the 
stress pattern changes and the maximum residual stress is reduced by an 
amount equal to the applied tensile stress. There is local plastic yielding 7 . 
In fatigue the same phenomenon generally occurs, the first cycle being 
sufficient to begin this ironing out process. It is therefore not surprising 
that ordinarily in fatigue testing of structural steels, there is no observable 
effect of residual welding stresses on test results, other things being the 
same 17 . 

Mention has been made in the introductory remarks of stress-corrosion 
effects, but the greatest single effect of residual welding stresses usually 
encountered is adverse action on dimensional stability. The point which 
is important is that residual stresses usually promote plastic flow; in ex- 
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ceptional cases they may be used to retard it. The beneficial or adverse 
effects of residual stresses, therefore, depend primarily on whether this 
expediting or retarding of plastic flow is helpful or harmful. 

The author believes that one distinguishing factor between “local” and 
“reaction” residual stresses is the relatively small area under tension as 
compared with the area under compression. If the area under tension is 
small as compared with larger compression areas the residual stresses may 
be considered “local,” and upon applying tension load the net effect is to 
reduce the load on the compression area without adding much load to the 
residual tension member. For example, in Fig. 1(a) we have a bolt under a 
tension of 10,000 lb., 1 sq. in. in cross-sectional area, as compared with 
two cylinders under compression with a cross-sectional area of 9 sq. in. 
In actual practice the relative areas may be 1 to 100. In Fig. 1(b) if we add 
an additional outside load of 5,000 lb., we have only increased the tensile 
load in the bolt by 500 lb. This phenomenon occurs between the various 
grains composing a local region of residual welding stresses. Any load 
brings about minute adjustments and it can be demonstrated mathemati¬ 
cally that approximately two-tenths of 1 per cent strain is sufficient to 
iron out these residual welding stresses. Of course, in actual practice if the 
residual stresses are right up to the yield point a slight additional stress 
will cause plastic flow and actually reduce the residual stresses by the 
amount of the load applied. This is brought out elsewhere in this paper. 

In commenting on the above paragraph, Dr. H. C. Boardman of the 
Chicago Bridge and Iron Company states as follows: 

“My hypothesis is that residual stresses are not directly additive to the 
stresses due to applied loads provided the sum exceeds the j ield point of the 
material for then plastic deformation occurs and, depending upon its 
amount, upon release of the applied load, leaves residual stresses of smaller 
intensity and the same sign as originally, or of opposite sign, or possibl} r of 
zero intensity. 

“In the welded joints of a cylindrical pressure vessel there usually are 
locked up in each joint, in the direction of its length, stresses of yield-point 
or nearly yield-point intensity. Therefore, when the yeneral stresses due to 
the hydrostatic test pressure are applied they cause general straining of the 
parent metal and weld metal of the same or nearly the same amount, but 
the parent metal straining is elastic while the weld metal straining is plastic. 

“In such cases strain gauges are unable to distinguish between the elastic 
strains of the parent metal and the plastic strains of the weld metal for both 
are the same magnitude and both result in a return of both parent and weld 
metal to their original size when the test pressure is released. This is illus¬ 
trated in Fig. 2 wherein 0 represents the initial stress and strain free con¬ 
dition of the parent metal. B represents the initial (after welding) yield point 
(Y.P.) condition of stress and strain of the weld metal; OA represents the 
stress-elastic strain path for the parent metal when the hydrostatic pressure 
is being applied; BC represents the constant (Y.P.) stress-plastic strain path 
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for the weld metal (along the seam) when the hydrostatic pressure is being 
applied; AO represents the elastic recovery of the parent metal to 0; CD rep¬ 
resents the elastic recovery of the weld metal to D, which is directly below 
B. In other words the weld metal makes a complete strain recovery, CB, but 
its residual stress has been reduced by the stress intensity represented by 
the point A that is, by the general stress intensity caused by the hydro¬ 
static test. OA is parallel to CD and A A' is the same length as BD. 



Fig. 1 (a) 


5,000 LB 



Fig. 1 (b) 
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“So you see that this question of the addition of residual stresses to the 
stresses induced by external loads is not as easily or completely answered 
as your hypothesis seems to imply. I do not see how you can logically avoid 
addition of residual and applied (due to external loads) stresses as long as 
the strains remain elastic. It is only when plastic deformation occurs that, 
they become inadditive.” 

Dr. N. M. Newmark of the University of Illinois also comments as 
follows: 

“When load is applied to a system under residual stress in such a way 
that the deformations are constant over the whole region, the section having 
greater stiffness is the one which carries the major part of the loading and 
therefore suffers the greatest change in residual stress. 

“When the difference between the stiffnesses of the various sections is 
not large, then the change in loading is carried by the different elements in 
proportion to their stiffness. Your figures indicate this very clearly. 

“However, where the strains are applied to a member in which the dis¬ 
tribution of strain is not uniform but follows any elastic law of distribution, 
then the differences in strain and the differences in stress can be computed as 
if the load were applied to a homogeneous isotropic elastic element, provided 
that the stresses remain at a level at which these assumptions apply. Under 
these circumstances the changes in residual stress are likely to be as great in 
the tensile region as in the compression region, or possibly even greater in 
the tensile region. 

“Any loading which brings about strains of a magnitude great enough 
to induce plastic behavior will wipe out the major part of the residual 
stresses in the region affected by these plastic strains. 

“In other words, the effects of residual stresses depend upon the assump¬ 
tions one makes with regard to the problem, or more accurately depend upon 
the conditions of restraint in the actual problem.” 

Attempts have been made to show that under severe conditions of re- 



Fig. 2 
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straint, residual welding stresses can be harmful. These conditions of 
restraint are usually selected at the base of a deep notch. Extremely low 
temperatures are utilized to add further to the so-called restraint condi¬ 
tions. The evidence is not completely satisfying that residual stresses are 
harmful. And yet, some of the differences are so great between specimens 
with varying residual stresses in which certain other factors are involved, 
and those without residual stresses that we camiot as yet completely dis¬ 
miss such evidence. 

One factor which has not been sufficiently investigated is the effect of 
strain rates. This statement is true with reference to the inherent properties 
of steel without considering the unknown factors related to residual welding 
stresses. For example, transition temperatures can be shown to be ad¬ 
versely affected for any specific steel by great restraint and rapid loading. 
Now the rate of loading in the usual run of experiments cannot be varied 
too greatly. Strain rates may be directly proportional to the rates of loading 
if there are no changes in geometry, but the degree of restraint may be 
translated in terms of strain gradients and, perhaps, also in terms of wide 
variations in strain rates (at the base of a sharp notch), where the straining 
is so localized that it takes place within the narrow region of a few grains. 
In other words, for the same rate of loading the strain rate under very 
severe conditions of restraint may be a hundredfold that under no restraint. 
There is still no conclusive evidence for or against the adverse behavior of 
residual stresses under such specialized conditions. 

In the ordinary fields encountered by the author (not ballistics) the 
rate of loading has not been sufficiently rapid to bring out any harmful 
effects from residual stresses. Highly scientific investigations in this field 
would be very fruitful. 

Reaction Residual Stresses 

Although experimental evidence has not been produced in any great 
quantity it seems self-evident that reaction stresses cannot be ignored. 
For example, let there be assumed a fairly wide piece of steel welded between 
two nonmovable rigid members so that after welding there is a uniform 
reaction stress of a value slightly below the yield point throughout the 
plate. While under this stress let it be assumed that a rough hole is drilled 
in the plate. If this were done at room temperature, or temperature above 
the transition temperature of the steel, the chances are that there would be 
some plastic flow and distortion around the edges of the hole. Now if this 
same hole were drilled at a lower temperature, that is, a temperature below 
the transition temperature for initiating a crack, then instead of plastic 
flow a crack might start at a notch around the hole and could easily travel 
across the entire plate. It would not even be necessary to have a drilled 
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hole; instead, an attachment of some sort might be welded to the plate, 
the welding being done at room temperature. The next cold night might 
be sufficient to bring about a microcrack in this combination which, once 
started, might extend across the plate. 

This serves to emphasize the desirability of using less notch sensitive 
(tougher) steel because a small or large crack may form or exist in a large 
field-erected structure for many reasons. Load stresses combined with 
residual conditions could cause such a crack to lengthen under loads which 
would normally be considered safe for the structure. 

Large structures by virtue of their size are capable of storing a great 
deal of energy in the form of reaction stresses. Ordinarily, if conditions 
were favorable, these stresses might be ironed out. It is also conceivable 
and probable that, under conditions of severe restraint such as may exist in 
a portion of a ship, these stresses would never be ironed out. 

In war production, huge sections of ships were fabricated off the ways 
and later assembled in the correct position in the ship itself. Rush methods 
very often resulted in distortions and poor fit-up of these sections. It was 
necessary to use extraordinary means of clamping, wedging, etc., to make 
the tie-in welds. Of necessity this created large reaction stresses which the 
welding engineer has always felt to be undesirable. The solution of this 
problem is, of course, fairly obvious; namely, proper sequence of welding 
to control and minimize distortion, and better workmanship and layout to 
prevent poor fit-up. 

It is entirely possible that many engineers will not subscribe to some of 
these statements as no definite proof has been furnished in the laborator} r 
that these reaction stresses will cause a crack to propagate when once 
started. However, several failures in welded structures are not explainable 
in any other way, such as, for example, large fractures which occurred in 
ships which were resting on the building ways. 

If plastic flow is suppressed, residual stresses may cause failure to take 
place at either lower or higher than normal applied loads (depending on the 
direction of such stresses). 

To summarize, residual stresses may, under certain conditions, cause 
failure of a structure at lower applied load than the structure would sus¬ 
tain in their absence. 

Behavior of Residual Stresses in Static Loading 

A large number of investigations have been made of structural members, 
such as columns, beams, and frames, containing residual stresses. In prac¬ 
tically every case where stress-strain diagrams were obtained, local plastic 
flow or yielding occurred at much lower loads than any design loads. This 
local plastic flow reduced the residual welding stresses 8 * 9 * 10 • u . There- 
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after the structure, columns, beams, etc., behaved according to theory 
and the useful service life of such structures has never been shortened to the 
author’s knowledge. Of course, it is conceivable that in columns of medium 
length under compression, residual stresses may facilitate buckling and 
failure at lower applied loads. 

Several experiments are on record in which residual stresses were meas¬ 
ured before and after loading. In one instance 7 at the Massachusetts In¬ 
stitute of Technology a heated spot resulted in a complicated stress pattern 
as measured by the X-ray diffraction method. After a tensile loading the 
peak residual stresses were reduced by an amount equal to the tensile 
load (in pounds per square inch). This is readily explainable as the peak 
stress values were approximately equal to the yield point of the material. 
When the tensile load was superimposed, plastic flow took place in the 
regions of peak stress. After removal of the load the residual welding 
stress pattern had changed—the peak stresses were decreased, as indicated 
above. 

The same thing happened on wide plate specimens at the University of 
California 12 and the University of Illinois 11 . There is every reason to believe, 
therefore, that under static loading it would be impossible to produce a 
residual stress condition which would reduce the failure load, provided the 
weld did not crack on cooling to the temperature at which the test was 

made. 

In an investigation on weldability, Lehigh University developed a con¬ 
straint test. Even though the specimens were on the threshold of cracking, 
they did not crack in a bend test without considerable plastic flow 13 . 

Behavior of Residual Stresses in Fatigue 

This subject has received a vast amount of attention by investigators 
in this country and abroad 14 * 16 ■ 16 * 17 . It is very difficult to separate the 
beneficial effects which may accrue from a thermal stress-relief treatment. 
These beneficial effects can be reduction of residual stresses, or a more 
favorable metallurgical condition. In any event, tests show that no great 
benefit was derived by elimination of residual tensile stresses in low-carbon 
steel members subjected to cyclic loading. As explained previously, prob¬ 
ably the first few cycles iron out the residual stress. However, some slight 
improvement when residual stresses are eliminated has been noted in 
fatigue tests involving several millions of cycles where the superimposed 
stress was fairly low. This improvement in strength is about 10 per cent. 
The feeling is that, for these very low applied cyclic stresses which tend to 
form microcracks after millions of cycles, the presence of residual stresses 

hastens their formation. 

A great deal of data has been presented by the General Motors Research 
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Laboratories to show that compressive residual stresses at the surface, 
brought about by peening, aid materially in prolonging the fatigue life of a 
structure subjected to nonuniform stresses such as bending and torsion. 
The theory is that the crack initiates at the surface which, being under 
compression, delays such initiat ion and, therefore, prolongs the fatigue life. 
From a scientific viewpoint this conclusion is not evident as there are 
several variables involved. The peening operation represents cold-working 
and it can be shown that the hardness increases; from this increased hard¬ 
ness value, the ultimate tensile strength can be assessed. The improvement 
in fatigue is roughly proportional to this increase in ultimate strength. 
The Fatigue Committee of the AVelding Research Council lias obtained 
this same improvement by flame-hardening a surface where a crack is 
expected to initiate 18 . Unfortunately, however, it is not known whether or 
not this flame-hardening process introduced compressive residual stresses. 

In some very meager preliminary experiments the University of Cali¬ 
fornia claimed that they were able to improve materially the fatigue life 
of a notched specimen by introducing compressive stresses at the base of 
the notch. However, the same objection to this conclusion still occurs in the 
minds of a number of engineers as regards the effect of the peening opera¬ 
tions previously described. 

This field would seem to offer fruitful problems for fundamental research 
if the investigator could find some way of separating the effects of cold 
working from those of compressive stresses. 

Perhaps the engineer is not unduly concerned as to why he gets certain 
beneficial effects. Therefore, if the problem is to increase the fatigue life, 
and it is known that failure starts at the surface in some particular location, 
then the engineer is clearly justified in bringing about this improvement by 
peening, flame hardening, or any other effective treatment. 


Behavior of Residual Stresses in Impact 

Many laboratory experiments have attempted to differentiate between 
the behavior of welded specimens having and not having residual stresses 
when subjected to impact loads. A notable example of this is the 16-in. 
WF 71-lb. welded structural beams, 14 ft. long, supported on a 12-ft. span, 
subjected to impact loadings at Columbia University. Both in static tests 
and impact tests, owing to residual stresses, there was local plastic flow at 
very much lower loads than would normally be expected 10 . Yet, this plastic 
flow in no way affected the useful carrying life of the beam and no difference 
in the behavior of beams which had, and did not have, these local residual 
stresses could be ascribed to these stresses alone. 

The phenomenon of local plastic flow due to residual stresses at much 
lower loads than ordinarily anticipated is a common occurrence in the 
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testing of any weldment which has not been stress relieved. This is readily 
understandable because it takes very little load to bring about this stress- 
relieving operation through local plastic flow. Inasmuch as this plastic 
flow is of the order of a few hundredths of a per cent, the useful carrying 
life of the member or structure is not seriously affected. 

In static tests of the above-mentioned beams, it was impossible to 
break the beams in a brittle manner even when they were tested at 
— 115°F. The rate of loading was not great. 

In the impact tests with a time of 0.006 second to reach maximum strain 
in the bottom flange corresponding to strain rates of one inch per inch per 
second, it was possible to differentiate between beams which had been 
welded and beams which had not. Some of these beams in both fully killed 
and semikilled steel were thermally stress relieved. However, there was no 
difference between the test results of beams which were tested in the as- 
welded condition and beams which were tested in the stress-relieved condi¬ 
tion. On the other hand, beams which had been preheated for welding 
showed a 15° lower transition temperature than those not preheated. Al¬ 
though these impact tests demonstrated that residual stresses did not play 
an important role in affecting the useful life of a structure subjected to 
impacts at the ordinary speeds encountered in usual work, they did not, of 
course, include ballistic conditions. 

Several investigators have used direct explosion tests on beams which 
were stress relieved and those which were not stress relieved, and no im¬ 
provement could be assigned to the absence of residual stresses. 

Welding Sequence—Preheating 

Almost from the very outset the welding engineer was forced to recognize 
the importance of following a suitable sequence in welding. Failure to do so 
would invariably result either in cracked welds, or cracking of parts of 
rigid weldments at some distance from the welds. Sequence of welding 
plays an important part in reducing reaction stresses. Local residual stresses 
would probably not be reduced, but the reaction stress pattern can be 
considerably modified by employing different sequences of welding. 

Even though wandering or skip sequence of welding is employed, there 
will be local residual stresses of a magnitude equal to the yield point of the 
material. Proper welding sequence is important in preventing cracking on 
cooling, sometimes at a considerable distance from the welds, in controlling 
distortion, in minimizing reaction stresses, and in promoting better fit-up. 
The term “welding sequence” is used to embrace details of procedure, peen- 
ing operations, and the like. Preheating before welding also reduces re¬ 
sidual stresses as temperature gradients are reduced 19 . 
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Dimensional Stability 

Everyone concedes that residual welding stresses may he an extremely 
important factor where dimensional stability is involved. The most com¬ 
mon manifestation is warping. Residual stresses can cause a structure or a 
weldment to warp in an undesirable manner. This warping can be practi¬ 
cally controlled in literally dozens of different ways, a few of which are 
(not in the order of importance), prewarping, back-step welding, skip 
welding, rigid clamping and tacking, and peening. 

Dimensional stability is important where machining operations are 
involved. Sometimes it is desirable to stress relieve before machining if 
delicate dimensional stability is needed; otherwise, the machining opera¬ 
tions in removing excess metal would alter the stress pattern and bring 
about dimensional changes. 

Dimensional stability is particularly important in rotating machinery 
and other examples of a like nature. Thermal stress relieving is usually 
employed to reduce the residual stresses to a normal value. Usually the 
weldment is held roughly one hour per inch of thickness at the highest 
temperature (1200°F.). 

Distortion 

When an edge of a plate is heated, as in welding, it tends to expand in all 
directions. It is restrained in certain directions by the cold portions of the 
rest of the plate and therefore the total volumetric increase is taken care of 
by greater changes in the direction where the restraint does not exert its 
influence, and upsetting action takes place. On cooling, the heated edge 
is restrained from shrinking by the colder portions of the plate. The yield 
strength of the very hot metal is only a small fraction of that of the cold 
metal. This more rapid heating and cooling of the edges causes them to be 
shorter than they would have been with uniform heating and cooling of the 
entire section. Metallurgical volumetric changes are ignored in this dis¬ 
cussion. 

This very simple explanation brings out that the following variables are 
involved: 

(1) Rate of temperature increase in each part and total temperature 
increase in each part. 

(2) Rate of temperature decrease in each part and total temperature 
drop in each part. 

(3) Volumes of metal undergoing expansion at each rate of temperature 
increase. 

(4) Volumes of metal undergoing contraction at each rate of tempera¬ 
ture decrease. 

(5) Degree of constraint. 
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The author has prepared formulae and charts covering average conditions 
for transverse shrinkage of butt welds and how this shrinkage is affected 
by plate width, length of joint, applied restraint, joint design, position of 
welding, peening, and thermal factors 20 . Similar information has been pre¬ 
pared for fillet welds. 


Peening 

The question is often asked, “Does peening reduce residual stresses?” 
It is not possible to give a simple yes or no answer. Peening profoundly 
alters the stress pattern. It may in many cases reduce the peak residual 
stresses. The reason for peening is not primarily to reduce residual stresses. 
Peening is employed to prevent the cracking of welds on cooling. For ex¬ 
ample, it would be difficult to weld a 6-in. thick pressure vessel with a U- 
shaped groove without peening or thermal stress relieving each layer. 
For this purpose peening is usually done while the weld metal is still hot. 

Peening may also be used to correct distortion 21 . It is entirely possible by 
placing suitable bench marks, and by appropriate peening, to maintain the 
distances between these bench marks within a reasonable tolerance. Peen¬ 
ing to correct or control distortion is usually done while the weld is cool. 
In this instance it might also be desirable to peen the parent metal next 
to the weld. Codes generally prohibit the use of peening on the first and last 
layer. The theory is that if peening is allowed on the first layer holes may 
be punched through or cracks formed in the thin layer of weld metal. Since 
peening is a straining and working operation, any harmful effects of peen¬ 
ing may be removed by depositing the last layer of welding without peen¬ 
ing. The heat of the last layer removes the effect of cold work on previous 
layers. However, tests have shown that in such cases the maximum residual 
stress is not greatly reduced by the peening operation although distortion 
may be minimized. 

Attention is called to the use of peening in improving the fatigue life 
of a structure. This has been dealt with in a separate section. Peening up to 
a few years ago was looked upon with suspicion by some engineers. A great 
deal of research has been carried out to dispel this mystery and to bring 
out optimum conditions for peening. 

Measurement of Residual Stresses 

Literally hundreds of schemes and methods have been devised for meas¬ 
uring residual stresses. Most of them have been discarded. Originally, these 
schemes made no differentiation between measurements which included 
elastic changes and those which included plastic deformations. Residual 
stresses were computed on the basis of these dimensional changes and of 
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the original elastic modulus. Consequently, residual stresses of magnitudes 
even greater than the ultimate strength of the material being joined were 
reported. Later investigations have proven the fallacy of such observations. 

There are three general methods which are now employed. One is the 
sectioning or trepanning method, wholly destructive, which notes dimen¬ 
sional changes after trepanning. These changes can be interpreted in terms 
of residual stresses (welding, rolling, and fabrication) after suitable cor¬ 
rections have been made. 

The second method is partially destructive in that a hole is drilled, and 
strain gages are placed in suitable positions around the hole to measure the 
changes which occur after the hole is drilled. These may be then interpreted 
in terms of residual stresses. 

A third method which is commonly used is nondestructive and employs 
the X-ray diffraction method for measuring surface stresses. 

The principles of measurement of residual stresses are the same for 
weldments as for unwelded objects and are discussed elsewhere in this 
volume. 


Relief of Residual Stresses 

From the very outset engineers have been interested in methods which 
would relieve residual stresses. Three methods are usually employed. 

Thermal Stress Relief. The method most commonly accepted by codes 
and specifications is the so-called stress-relief heat treatment. For ordinary 
mild steel this requires heating to 1150°F. or 1200°F. and holding at this 
temperature for a time equal to one hour per inch of thickness. For alloy 
steels different temperatures and holding times are required. Codes usually 
specify a maximum rate of increase in temperature until the desired thermal 
relief temperature is reached. Some codes also specify cooling rates down to 
500°F. Generally, decided beneficial effects are obtained from these thermal 
treatments. Peak hardness is reduced and the metallurgical structure in 
the heat-affected zone is improved. This is especially important in thick 
sections of carbon and low-alloy steel in which the formation of hardened 
structures is facilitated by the greater rate at which the heat-affected zone 
cools. (These are the sections for which the codes prescribe thermal stress 
relief.) These benefits have generally been confused with the relief of 
residual stresses. Stresses are relieved by these treatments. This is pri¬ 
marily due to the fact that the yield point of the material is greatly lower 
at tempering temperature. Residual stresses are reduced to an amount 
equal to the yield point of the material at the stress-relieving temperature. 
Some engineers are somewhat fearful that, unless cooling proceeds quite 
slowly, new residual stresses may be introduced as the result of widely 
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different thermal gradients in thin and thick sections. It is important to 
protect the thinner sections by bracing, as otherwise, the high temperature 
of stress relieving may in itself bring about distortion because of differentials 
in temperature as the heating is increased or decreased. 

The basis for thermal stress relieving is that the yield point is lowered 
by high temperatures. Plastic flow takes place so that the residual stresses 
are reduced to the yield point of the material at that high temperature. 
For ordinary mild steel as indicated above, the stress-relieving tempera¬ 
ture is about 1150°F. and the residual stresses are reduced to a value of 
about 7,000 lb. per sq. in. 22 . 

Plastic Flow. Another method of relieving residual stresses is to apply 
extraordinary load to a structure until some plastic yielding occurs; the 
load is applied hydrostatically to a pressure vessel. This results in some 
cold working but a more favorable geometry is generally produced and 
residual stresses are reduced. It is also possible that some new residual 
stresses may be introduced but, generally, such stresses are small. 

Low-temperature Stress Relief. This system employs the oxyacetylene 
flame to heat simultaneously two strips, one on each side of a welded joint, 
to 500°F. in such a way that their expansion stretches the weld plastically, 
reduces peak residual stresses, and alters the stress gradient 23 . New residual 
stresses may be introduced elsewhere than in the weld, but the stress gra¬ 
dient definitely is lower than it was originally. 

Conclusions 

It seems that the following conclusions may be drawn at this time: 

(1) If a weld does not crack when cooled to the lowest ambient tem¬ 
perature which it will meet in service, there is reason to believe that the 
residual welding stresses will not seriously affect the capacity and life of the 
structure, except as noted below. 

(2) Residual welding stresses can, and do, cause local plastic flow under 
the first application of the ordinary service loads, but, if the dimension 
change or buckling is not significant, the capacity and life of the structure 
are not seriously affected. 

(3) Large reaction stresses can be dangerous in propagating a brittle 
crack. Consideration should be given to suitable sequences of welding and 
to methods of fabrication which will minimize or control such reaction 
stresses. 

(4) Residual stresses can be important in weldments where dimensional 
stability is involved. They are also important in problems involving stress 

corrosion. 

(5) In many cases stress-relief heat treatments are desirable to improve 
the weldment metallurgically. 
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The Significance of Residual Stresses 


c. w. macgregor 


Abstract 

A chart is presented according to which stresses are classified, 
beginning with the source, into body and textural stresses. These 
are then further subdivided into “contingent stresses” and “resid¬ 
ual stresses.” 

A new framework is suggested by means of which the various 
practical effects of residual stresses under single-stroke loads may 
be systematically catalogued. According to this, loads from what¬ 
ever source which tend to produce residual stresses essentially of 
the same sign and distribution are called “homoplastic.” Those 
loads which do not are designated “nonhomoplastic.” 

Based upon this simple framework, it is shown that homoplastic 
loads increase both the flow' and the fracture strengths, when 
single-stroke in nature. Nonliomoplastic loads have no effect on 
the flow strength or on the fracture strength after macroplastic 
flow. The brittle fracture strength is decreased by nonhomoplastic 
loads. Various practical examples are included illustrating the 
above conclusions, together with the in-between cases of quasi- 
homoplastic loads. 

The influence of residual stresses on fracture under repeated 
loading is discussed. In addition, the phenomena of season crack¬ 
ing, fire cracking, etc., under the effect of residual stresses are also 
treated. 


Introduction 

Relative to many other branches of the science of mechanics of materials, 
the subject of residual stresses is of comparatively recent origin. It had its 
inception essentially with the pioneering work of Heyn 1 some 37 years ago. 
Impelled by the exigencies confronting engineers during World War II 
to find plausible explanations for brittle failures encountered in large-scale 
welded structures and in welded ships, extensive studies were undertaken 
both here and abroad to determine the origin, magnitudes and effects of 
residual stresses in such problems. Under this impetus, a very extensive 
literature has developed. With some exceptions, most of the emphasis has 
been placed on the development and magnitudes of such stresses, rather 
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than on their practical effects. The complexity of the problem is attested to 
by the fact that considerable differences of opinion still exist as to the 
importance of residual stresses in many engineering applications. While 
not too long ago, residual stresses were often considered to be the sine qua 
non of brittle failures experienced in many welded connections, opinions 
among many have shifted since then to such an extent that some’now 
feel residual stresses have little or no effect. This is also true to some degree 
in the fatigue of metals, although various investigators in this field have 
staunchly and continuously maintained the pragmatic effects of residual 
stresses. 

There are indeed cogent reasons why such differences of opinion are 
prevalent. Many complicating conditions inherent in the problem serve to 
becloud the effects of residual stresses. When resulting from inhomogeneous 
plastic flow, their effects, at least partially, may be masked by strain 
hardening, or concomitant strain-aging. Strength improvements from 
heat-treating are difficult to dissect into structural benefits and residual 
stress effects. In addition, and perhaps most important, the influence of 
residual stresses is indissolubly controlled by the laws governing the flow 
and fracture of materials, a subject which at present is still imperfectly 
understood. The practical significance of residual stresses depends upon 
their influence on the flow and fracture strengths of structures or machine 
parts. 

While it is not the purpose of this paper to discuss at any length the 
origin and measurement of residual stresses, it will be useful to have before 
us a classification of stresses such as shown in Chart No. 1. Any such clas¬ 
sification is admittedly somewhat imperfect in details, but if it charac¬ 
terizes the general types of engineering stresses it will have served its 
purpose. From various sources (mechanical, thermal, chemical) stress has 
been divided into the two broad branches of body and textural stresses. 
The latter term was suggested by Orowan 2 . Both of these are then sub¬ 
divided into contingent stresses and residual stresses. The former includes 
those stresses which are contingent upon the co-existence of the source 
from which they are derived such as by a structural dislocation, the im¬ 
position of a layer of electrodeposited metal, or the introduction of carbon 
or nitrogen into the surface layers of a metal, etc. Contingent stresses 
would thus include those produced by external loads when acting on the 
body, which are the stresses usually dealt with in design. Except for the 
latter, this group may be designated contingent residual stresses. They are 
distinct from residual stresses produced, for example, after inhomogeneous 
plastic flow by external forces or thermal gradients since the latter stresses 
remain after the sources (external loads or thermal gradients) no longer 
exist. Since, with the exception of boundary stresses acting on the surface 
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of a bod}', all stresses are internal, the term “internal” stress appears to be 
redundant. In the discussion to follow, the major emphasis will be placed 
on body stresses, although they are often inseparable from accompanying 
textural stresses. 


The behavior of residual stresses under single-stroke loads is basically 
different from that under repeated loading. In the former, their effects on 


flow strength or fracture strength after flow depend more upon the com¬ 
plete identity of the existing residual stress distribution (sign and dis¬ 
tribution) with that which would be produced solely by the subsequently 
applied load (if released), than on the sign of the surface residual stresses 
only as in the case of repeated loading. This is due to the fact that, if such 
identity does not exist for single-stroke loads, }'ielding will occur on loading 
which dissipates the residual stresses and prevents them from having any 


effect. Under repeated loading, large macroplastic flow does not occur, and 
while the residual stresses may be changed gradually, they can still be 
effective during the life of the part. Owing to the inherent surface weakness 
of the material in fatigue under tensile stresses, and the rather slow redis¬ 
tribution of residual stresses, the character of residual distribution is not 
as important as the sign (tension or compression) on the surface. 

In order to provide a framework by which the various effects of residual 
stresses under single-stroke loads may be catalogued, it will be found 
very useful to distinguish between loads from whatever source, which would 
tend to produce residual stresses of the same kind (sign and distribution) 
as those already present in the body, and those loads which do not. The 
engineering literature does not include a suitable expression by which such 
a distinction can be made. The science of botany does possess such a 
term, which, although used in a slightly different manner, appears to fit the 
need. Loads which would tend to produce residual stresses essentially of 
the same sign and distribution will be called here homoplastic*. A loading 
system re-applied to a body after causing residual stresses would be homo¬ 
plastic. Many cases exist, however, where entirely different types of loads 
(at least from quite different sources) produce essentially similar states of 
residual stresses. For example, the state of axial, tangential and radial 
residual stresses, produced through inhomogeneous plastic flow by apply¬ 
ing internal pressure to a thick-walled open-end tube shown in Fig. 4 
(to be discussed later on), can be developed also in steel tubes by water 
quenching from the inside 3 or by centrifugal casting 4 . Varying degrees of 
homoplastic effects are produced by different types of loads where the 
sign and distribution of the residual stresses is the same over only a limited 
portion of the body and in the heaviest stressed region (in contrast to the 


* Homoplastic (Bot.)-of the same structure and manner of development, but not 
descended from a common source. 
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case mentioned above where the distributions of all three stresses are the 
same throughout the body). These might be called quasi-homoplastic loads. 
Examples of the latter are the sources of compressive residual stresses 
produced in surface layers of a body by quenching, surface rolling, shot- 
peening, nitriding, etc. 

The pragmatic reason for making the above distinction is that residual 
stresses produced by homoplastic loads serve to increase the flow and 
fracture strengths for single-stroke loads. Residual stresses produced by 
nonhomoplastic loads do not. 

With this as a framework, the paper will include a discussion of the 
effects of residual stresses on the flow and fracture strengths and thus the 
general significance of such stresses in engineering structures. 

Residual Stresses and Flow Strength 

The effect of residual stresses on the flow strength is now quite clear. 
Let us consider the influence of residual stresses produced by homoplastic 
and nonhomoplastic loads, single-stroke in nature. 

Increase of Flow Strength under Homoplastic Loads. While mechanically 
produced homoplastic loads will be used for illustrative purposes, the 
effects discussed are not by any means restricted to these. It is often for¬ 
gotten that residual stresses can be produced by inhomogeneous plastic 
flow without macro work-hardening. Work-hardening effects are one of the 
factors which are difficult in many experimental studies to distinguish from 
residual stress effects. In the following three examples, therefore, it will 
be shown how load-carrying capacity or flow strength can be increased by 
residual stresses without macro work- or strain-hardening. In other words, 
the resulting increases in strength will be due entirely to the presence of 
residual stresses. 

Let us consider first the case of a thick-walled tube as shown in Fig. 1, 
subjected to an internal pressure P 0 . It is assumed that end plugs are in¬ 
serted in the bore and the end loads on the plugs carried by an external 
frame (open-end tube). In addition let us assume that the material is 
ideally plastic and follows the stress-strain curve of Fig. 2 without strain- 
hardening. The solution for the plastic flow of such a tube has been reported 
previously 5 . The residual stresses in typical cases are shown in Figs. 3 and 
4 for different tube ratios and depths of penetration of plastic flow These 
assume that no Bauschinger effect is present and that elastic unloading 
can be maintained. Fig. 5 shows how the flow strength (bore pressure) is 
increased by inhomogeneous flow over the value at initial jdelding for 
various tube ratios. The increase in flow strength is thus due to residual 
stresses alone (no work-hardening), since, if the pressure is released, favor¬ 
able residual stresses of the types illustrated in Figs. 3 and 4 will result, 
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Fig. 1. Partially yielded tube subjected to internal pressure P 


and on re-applying the load, yielding will not begin again until pressures 
are reached which are greatly in excess of those required for initial yielding. 

Another rotationally symmetrical case is included in Fig. 6, namely, that 
of a thin disk of radius a rotating with an angular velocity cj about an axis 
perpendicular to the plane of the disk. If no work-hardening is assumed as 
in Fig. 2, the residual stresses resulting after rotating the disk until it is 
completely yielded are shown in Fig. 7. The peripheral velocity for com¬ 
plete yielding is about 12 per cent higher than that for initial yielding 6 . 
The favorable residual stress system is responsible for this increase in 
strength. 

In the plastic bending of a rectangular bar of an ideally plastic material, 
it can easily be shown that the bending moment required to make the bar 
yield throughout is 50 per cent greater than the moment for initial yielding. 
Fig. 8 includes the distribution of residual stresses produced by a bending 
moment of % M 0 where Mo is the moment for initial yielding. The resid¬ 
ual stress is given by the broken line JEOFK. On reloading in the same di- 
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rection, yielding will not begin again until the moment % M 0 is reached 
(neglecting, of course, the Bauschinger effect on unloading). The increase 
in strength is again due to the residual stress system. 

Flow Strength under Nonhomoplastic Loads. The general effect of non¬ 
homoplastic single-stroke loads on the flow strength is illustrated in Figs. 
9 and 10. In Fig. 9 the broken line JEOFK represents the residual-stress 
system following bending until the beam is completely plastic as shown 
m 8. Let us now apply an axial tensile load which by itself would 
produce a uniform axial tensile stress CD of magnitude % a 0 where a Q 
is the yield stress. Again no Bauschinger effect is assumed. If no yielding 
occurred, the resultant stress (due to residual stresses from previous bend- 
plus tensile stresses of magnitude % a 0 ) would be given by LRMONTP 
Yielding occurs, reducing the stresses along LR to QR and along NT to FT. 
d-his relief of stress is compensated by transferring the load to adjacent 
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Fig. 3. Residual stresses in a thick-walled tube. 


fibers so as to produce the required resultant forces and moments. In this 
manner RM becomes RS and TP becomes TU. Thus, while the tensile 
load is still acting, the resultant stress distribution is given by QRSFTU. 
When the tensile load is removed, the residual-stress distribution is given by 
VWXOYAZ. It is then clear that the subsequent application of a non- 
homoplastic load in the form of uniform tension has materially reduced the 
residual-stress system resulting from bending (in the outside fibers by 50 
per cent). In addition, local yielding occurred with an applied uniform ten¬ 
sile stress considerably less than the yield stress. In fact, local yielding 
would have occurred at any finite uniform tensile stress greater than zero. 
It is thus clear that residual stresses produced by prior nonhomoplastic 
loads will not increase the flow strength. Reference to Fig. 10 makes it 
obvious that when the uniform tensile load is increased to produce a 
tensile stress of o- 0 , the entire residual stress s\'stem JEOFK resulting from 
prior bending is wiped out and becomes the line YOZ. This results from the 
fact that RO becomes RF and TP becomes TU to balance the redistributed 


stresses represented by NTF and LRQ. Thus the residual stress system has 
not affected the load-carrying capacity as regards uniform yielding. 

Similar reasoning can be applied to other cases. For example, Baker and 
Horne 7 have shown for a simple I-beam that the presence of a balanced 
residual stress system due to welding can have no effect on the ultimate 
load-carrying capacity of the beam, defined as the bending moment foi 
complete yielding where the stress distribution under load is of the type 
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Fig. 4. Residual stresses in a thick-walled tube. 


CBEOFAD of Fig. 8. While it will have an effect on the attainment of the 
yield stress at portions of the cross section, as it did in Fig. 9 (but not on the 
tensile load for uniform yielding), the loading capacity of the beam for 
ailure is not affected. In fact, enlightened beam design today is by the so- 
called theory of limit design 8 which is based upon the block stress distribu¬ 
tion CBEOFAD of Fig. 8 rather than upon the linearly varying stresses of 
the elastic theory. 

Experimental evidence is also available which substantiates the concept 
that residual stresses produced by nonhomoplastic single-stroke loads have 
httle effect, if any, on the flow strength. Den Hartog and Rodgers 9 made 
tensile tests on mild steel plates in which residual stresses were produced 
by local heating at a low temperature (300° to 350°F.) so as not to affect 
appreciably the metallurgical condition. These residual stresses were pro- 
uced by welding a bead on a strip clamped to the test plates. The arc did 
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EXTERNAL TANGENTIAL STRAIN E6 t J(T 0 


Fig. 5. Pressure versus external expansion curves for several ratios of Ri/R 0 . 

not penetrate the material to be tested. Residual stresses were determined 
which showed peak values as high as the yield stress. Subsequent tensile 
tests parallel and perpendicular to the heating line showed no change in 
properties from those of the original material. Norton and Rosenthal 10 
produced a set of biaxial residual stresses in flat-plate specimens by local 
heating between two electrodes of a spot-welding machine. The distribution 
of residual stresses was determined by X rays before and after axial tensile 
loads were applied to the plate. It was shown that the application of tensile 
stresses reduced the residual stresses, and an applied tensile stress slightly 
above the yield strength completely eliminated all transverse residual 
stresses and changed the axial residual stresses from high tension to much 



Fig. 6. Thin solid rotating disk. 
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lower compression (on the surface). Patton et al n showed a 90 per cent 
reduction in residual stresses in butt-welded plate subjected to certain 


tensile loads. Lance Martin 12 showed similar reductions in residual stresses 


produced by edge welding specimens and then subsequently loading them 
in tension. Sachs 1 ' 5 demonstrated that by stretching drawn brass rods 
about 1 per cent, the longitudinal residual stresses could be reduced 30 per 
cent and the tangential stresses 05 per cent. 



Fig. 9. Residual stresses after bending followed by tension in a bar of rectangular 
cross section (applied tension stress % o- 0 ). 



RESULTANT STRESSES 
UNDER TENSION 



RESIDUAL STRESSES ZERO 
AFTER BENDING FOLLOWED 
BY TENSION STRESSOF (T 0 



RESIOUAL STRESSES 
AFTER BENDING 



Fig. 10. Residual stresses after bending followed by tension in a bar of rcctangulai 
cross section. (Applied tension stress <r 0 .) 
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Under conditions then, such that inhomogeneous plastic flow can take 
place subsequently, residual stresses resulting from prior homoplastic loads 
serve to increase the flow strength even in the absence of macro strain- 
hardening. Residual stresses caused by inhomogeneous plastic flow under 
prior nonhomoplastic loads do not increase the over-all load-carrying 
capacity or flow strength and tend to be dissipated through local yielding. 
The latter also applies to quasi-homoplastic loads, single-stroke in nature. 

Fracture 

The fracture of materials is inherently a much more complex phenomenon 
than plastic flow. This is due largely to the following considerations: 

(1) Its origin is submicroscopic and cannot be discussed by gross effects 
as contrasted to plastic flow where averaging over a large number of grains 
yields laws of considerable practical utility. 

(2) It is not only affected by all of the mechanical variables influencing 
plastic flow, but has many more such as size effects, surface conditions, 
aeolotropism, corrosive influences, microstructural vagaries, energy con¬ 
siderations in the formation of new surfaces, etc. 

(3) Suitable definitions of stress and strain do not exist to describe ade¬ 
quately the mechanical conditions of submicroscopic fracture although 
they probably would be statistical in character. 

In spite of the fact that an adequate mechanics is not yet available to 
discuss true fracture conditions, certain gross effects are known which will 
enable us to understand more fully the influence of residual stresses on the 
fracture problem. It is not the intention here to cover the various ramifica¬ 
tions of fracture but merely to review a few related phenomena. 

Since fracture involves the formation of new surfaces requiring energy, 
it is no doubt governed by energy conditions 13 rather than by stress or strain 
separately. Brittle fracture may occur if plastic slip is inhibited in any 
way, such as by strengthening of the material in the slip direction through 
precipitation of certain constituents, increasing the true strain rate 14 , 
decreasing the temperature, increasing the degree of constraint as by the 
presence of a triaxial state of residual stress, etc. Let us discuss some of these 
effects separately. 

Constraint. It is often considered that the presence of a stress or strain 
gradient, such as in the bending of a beam or in the torsion of a round bar, 
provides an effective degree of constraint. Tests made by the author 
(unpublished) some time ago in bending and in torsion on ductile metals 
have demonstrated that such a restraint does not in general exist. Stress- 
strain curves, well into the plastic range, obtained from bending and torsion 
tests have been identical with those obtained on the same metals through 
tensile tests where a uniform stress existed across the section. 
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Real constraints are provided by notches, changes in specimen geometry, 
metallurgical inclusions or segregations, different metals welded together, 
etc. The essential difference between supposed “constraints” produced by 
strain gradients (as above) and real constraints by notch and geometrical 
effects is that in the latter (as in a Y-notch in the outside of a test bar) the 
principal-stress trajectories are bent around the constraint, providing 
components of stress in a direction at right angles to the surface of the bar. 
These components of stress can become three-dimensional tension a short 
distance below the root of a notch as shown by Neuber 15 and thus tend to 
restrain yielding. The surface at the bottom of the notch is in a two- 
dimensional stress field, and if not restrained by the layers below could 
yield locally at a much lower stress. It does finally yield, however, and 
reduces any stress concentration under static loading of a ductile metal to 
a very low value. While cracks appear to start at the bottom of the notch, 
this may not necessarily be so in all cases since they could start initially 
below the notch and inside the metal and penetrate to the surface where 
they first become visible. Inherent weakness of the surface may, however 
precipitate failure at the surface. The general effect of the constraint is to 
generate a triaxial state of stress probably proportional to the mean stress 
(o’ i + o '2 -}~ o- 3 ) /3 at the point, where <j \, a 2 , and <r 3 are the principal stresses. 
This has led the author to adopt as a tentative constraint index 16,23 


C = 


Vl + 02 + 0 ” 3 


( 1 ) 


max 


where | a \ max is the absolute value of the numerically largest stress. For 
pure shear C is zero, and C is 1 for equal triaxial stresses. That notches do 
provide effective constraint has been shown many times 17,1S . 

Velocity-Temperature Relation. For a given constraint and for a stable 
metal it has been shown that the relationship between strain rate and the 
temperature of transition to brittle fracture is 

Q 


lOgc € = C - 


RT 


( 2 ) 


where e is the strain rate, T the absolute temperature of transition, C a 
material constant, Q the heat of activation of the material, and R the molal 
gas constant. The derivation of this expression and its validity have been 
thoroughly covered in the literature 19, 20 • 21 * 22 . Thus, a straight line is ob¬ 
tained if the logarithm of the strain rate is plotted against the reciprocal 
of the absolute testing temperature. With this concept, then, for a stable 
metal in a limited sense 

a = f(e, e, T ) (3) 

where a would reflect the constraint effect. 
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Fig. 11. Quantitative effect of combined stress ratios on brittle transition tem¬ 
perature for SAE 1020 steel. 

The general relationship of constraint, strain rate and temperature of 
transition to brittle fracture, which has proved to be very effective in macro¬ 
studies of brittle fracture 23 , is illustrated in Fig. 11. It is seen that for the 
same effective strain rate (i.e., taking into account the biaxial nature of 
strain rates), the transition temperature for brittle fracture is increased 
at least 100°F. for equal biaxial tension as compared to uniaxial stress. 
This figure shows how the tendency toward brittle fracture is promoted by 
increased triaxiality, higher strain rates and lower temperatures. With this 
as a background, let us now consider the effect of residual stresses on fracture. 

Residual Stresses and Fracture Strength 

Fracture may occur under external loads after appreciable macroplastic 
flow or in a brittle fashion without any measurable macroflow. 

Fracture after Macroplastic Flow. It is assumed here that residual stresses 
are first produced by some external source and the body subsequently 
loaded, resulting in macroplastic flow before fracture. The effects of the 
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residual stresses on fracture under these conditions are similar to their 
effects on the flow strength discussed earlier if the loads are single-stroke 
in nature. With or without a certain amount of restraint, if macroplastic 
flow takes place, residual stresses will tend to increase the fracture strength 
if they were produced by prior homoplastic loads, since they increase the 
flow strength up to fracture. There is, however, the qualification that the 
percentage increase in fracture strength due to residual stresses only, will 
become less and less as fracture is approached. This is due to the fact that 
strain hardening is now responsible for part of the increase in fracture 
strength after flow. This may be illustrated very roughly by the case of 
bending shown in I’ig. 12. It is assumed that the Bauschinger effect is 
neglected. Actually, as stresses approach values much above the yield point, 
the Bauschinger effect becomes more and more pronounced, thus altering 
the distribution of stresses from those illustrated. With this idealized picture 
where strain hardening enters linearly, the bending moment is 2.50 Mo 
(Mo is the moment for initial yielding) resulting in the stress distribution 
under load of DCOAB. Lpon unloading (assuming linear unloading) the 
residual stress distribution is given by GAOCII. Thus two-fifths of the load¬ 
carrying capacity is now due to strain hardening, the rest provided by 
residual stresses. 

If the residual stress system is supplied by a prior nonhomoplastic load, 
no effect on the fracture strengt h under subsequent single-stroke loads is to 
be expected. This is illustrated by Fig. 12 in which a tensileload correspond¬ 
ing to a uniform stress intensity 2a 0 (equal to the stress applied to the 



Fig. 12. Schematic effect of residual stresses on fracture (neglecting Bauschinger 
effect) after macroplastic flow. 
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outside fiber in prior bending) is applied after the beam was unloaded in 
bending from a moment 2.5 Mo . Following reasoning similar to that used 
for Fig. 10, the triangles JIW, 11'IX’, YLX, and XDK disappear leaving 
a uniform tensile stress 2cr 0 which on unloading leaves no residual macro¬ 
stresses. Hence as this tensile load is increased to fracture, no effect of 
residual stresses would be found. The tests of Den Ilartog and Rodgers 9 
mentioned earlier tend to confirm this as do the tests of Norton and Rosen¬ 
thal 10 . 

An extensive series of research programs were conducted under the 
auspices of various Governmental agencies during the years 1944 to 194G 
on the general problem of the cracking of welded ships. These involved 
small-scale tests of both welded and unwelded plates, full-scale tests of 
hatch corners and of large tubes with and without welds subjected to biaxial 
stresses, large-scale tests of plates containing central transverse notches, 
and many others. All showed that welding stresses were not the important 
factors governing structural failures 24 . In some cases where stress relief 
showed improvement in mechanical behavior, it. is clear that this was 
probably more the result of metallurgical changes accompanying stress relief 
rather than the result of relief of residual stress per se. It is not correct to 
assume that no metallurgical changes occur during a stress-relief anneal at 
1100°F. since precipitation, aging effects, etc., will take place. Indeed 
these can occur at very much lower temperatures. The realization of 
the limited significance of residual stresses in this problem caused a 
major shift in emphasis in the entire series of research programs. It is felt 
that ample evidence has been accumulated to state that under nonhomo¬ 
plastic single-stroke loads where plastic flow can thus take place before 
fracture, the effect of residual stresses on fracture conditions should be 
negligible. 

The above discussion has been restricted so far to the effects of residual 
stresses under single-stroke loads. When loads are cyclic in nature, the 
distinctions already made between the effects of homoplastic and non- 
homoplastic loads loses much of its utility. While it can be used to some 
extent under fatigue conditions, the distinction becomes somewhat trivial 
and labored. It will, therefore, not be used under these conditions. It has 
been shown that repeated application of cyclic loads in fatigue near the 
endurance limit by rotating bending tests in initially stress-free steel will 
result in the development of compressive residual stresses in the surface 
of between 14,200 and 35,600 lb. per sq. in. longitudinally and between 6000 
and 17,100 lb. per sq. in. tangentially 26 - 26 - 27 . The materials were carbon 
steels varying from 0.10 to 0.98 per cent C. This was true not only for the 
low-carbon steels where the endurance limit was close to the yield strength 
but also for the high-carbon steels where the endurance limit was far below 
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the yield strength. The phenomenon no doubt provides at least part of the 
explanation why understressing increases the virgin endurance limit. 
Repeated application of these loads has thus increased the fracture strength 
under cyclic conditions and the residual stresses are no doubt at least 
partly responsible. 

1 he tests of Biihler and Buchholtz 25 also conclusively demonstrate that 
\\ here plastic flow can take place under c 3 r clic loads, the residual stresses 
will gradually decrease or will in time be completely redistributed. For 
example, axial residual compressive stresses of 45,500 lb. per sq. in. and 
tangential residual compressive stresses of 39,800 lb. per sq. in. were 
produced in the surfaces of 1.07-inch diameter rotating-beam fatigue speci¬ 
mens of a 0.3G per cent C steel by quenching in ice water from 1110°F. 
These residual stresses resulted from inhomogeneous plastic flow through 
excessive thermal gradients and did not include any transformational com¬ 
ponents. They were determined before the fatigue test by the boring-out 
method. After being subjected to 0.97 million reversals in bending at the 
stress level of 48,400 lb. per sq. in. (slightly below the endurance limit of 

49.800 lb. per sq. in. and below the yield strength (0.2 per cent offset) of 

52.800 lb. per sq. in.), the axial residual stress on the surface was reduced 
to 5700 lb. per sq. in. as determined by the same boring-out methods. 
The tangential surface stress also decreased to about the same value. 


Similarly 12 per cent nickel steels, in which axial tensile residual stresses of 
52,GOO lb. per sq. in. and tangential tensile stresses of 102,400 lb. per sq. in. 
were produced in the surfaces by furnace cooling from 1050° to G80°F. fol¬ 
lowed by an ice-water quench, when subjected to 2.3G million reversals of 
bending stress at 51,200 lb. per sq. in. (at the endurance limit of 51,200 lb. 
per sq. in. and below the yield strength of 113,800 lb. per sq. in.), showed 
reductions in the axial residual stresses of about 55 per cent. Similar results 


have been shown by Giesen and Glocker 26 using X-ray techniques. This 
does not mean, however, that there will be no effect of these residual 
stresses on the fatigue strength. It should be noted that in contrast to the 
large macroflow accompanying t he yielding of ductile metals under single¬ 
stroke loads the plastic flow here is indeed small and might be considered 
almost of the microvariety. It consequently takes time for enough flow to 
accumulate to accomplish a reduction in the residual stresses especially 
at applied stresses near the endurance limit. Consequently, during the life 
of the usual fatigue test sufficient residual stresses may still remain to affect 
the S-A T curve and the endurance limit. The higher the strength level of 
the metal and consequently the harder and less ductile it is, the smaller 
will be the cumulative plastic flow during the fatigue test and the more 
effective will be the presence of residual stresses. For example, Rosenthal 
and Sines 28 have shown recently that initial residual stresses in soft G1 S-0 
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aluminum alloy had no effect on the fatigue properties, while for a 61 S-T 
aluminum alloy in the precipitation hardened condition, residual stresses 
did not fade appreciably and resulted in marked effects on the fatigue limit. 
Biihler and Buchholtz 25 have also clearly demonstrated how residual 
stresses affect the endurance limits of various steels. High compressive 
residual stresses in the surfaces in the axial and tangential directions pro¬ 
duced by thermal gradients always increased the endurance limits to a 
certain degree and tensile residual surface stresses decreased the endurance 
limits, in spite of the inevitable fading with cycles. While the heat-treat¬ 
ments tended to change the tensile strengths, etc., it was clear from their 
results that this alone could not account for the changes in the levels of the 
endurance limits, and that the latter correlated in a qualitative way with 
the initial residual stresses. Almen 29 has shown that the surface la vers of 
metal subjected to fatigue are only about one half as strong as subsurface 
material, and that the presence of residual surface compression, if main¬ 
tained, will effectively increase fatigue strength because of the reduction 
of the applied tensile stress to which metals are so sensitive. His concept of 
an inherently weak surface goes a long way toward explaining the bene¬ 
ficial effects produced by high local residual compression. He has effectively 
demonstrated that residual compression is in many cases more responsible 
for increased fatigue strength than increased strength of the surface layers 
due to cold work, which has been a controversial subject for years. 

Added confirmation of the fact that residual compressive stresses are 
perhaps the major reasons for the increased fatigue strength, when present, 
has been reported by Almen 30 recently. While it has been well known that 
plating of steel with copper, nickel, and chromium usually results in a 
marked reduction in fatigue strength, Almen has shown for example, that, 
techniques could be developed to plate nickel on steel which would result 
in either a surface tensile or a compressive residual stress. The residual 
stresses produced by these processes were determined experimentally. 
When nickel coatings under residual compression of 6000 lb. per sq. in. 
were applied, this resulted in a fatigue strength slightly better than the 
unplated material, while nickel coatings causing residual tension of 25,000 
lb. per sq. in. caused a 35 per cent reduction in fatigue strength. Since the 
base metal would not be altered by the plating procedure, the resulting 
changes in fatigue strength were due solely to residual stresses and could 
not be attributed to work-hardening effects. While benefits can be obtained 
by shot peening in producing residual surface compression, if the applied 
loads are sufficiently high so as to add heavy compressive stresses to com¬ 
pressive residual stresses, yielding under compression may greatly reduce 
the residual stresses present and only small increases in fatigue strengths 
will result. Reversed bending stresses are prone to do this if applied stresses 
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are high. As Almen 29 points out, if compressive yielding is prevented, as 
by nitriding, carburizing, and other case-hardening treatments resulting 
in surface layers with extremely high yield strengths, surface residual 
compressive stresses will not be reduced and they Anil be very effective 
in increasing the fatigue strength. 

Brittle Fracture. We iioav consider cases AA’here residual stresses are 
produced in any fashion, but no additional macroplastic flow occurs before 
fracture. In other Avords, the fracture is essentially brittle. 

As mentioned under the general discussion of fracture, brittle fracture 
Avithout macroplastic floAv may occur proA'ided there exists an insidious 
combination of high strain rates, Ioav temperatures, and sufficient con¬ 
straint. When the material is in this Amlnerable condition Avhere floAV cannot 
occur, the presence of residual stresses may markedly affect the load¬ 
carrying capacity since they may not be dissipated before fracture. If 
the applied single-stroke loads are homoplastic or quasi-homoplastic in 
nature, the residual stresses will serve to increase the brittle-fracture 
strength; if they are nonhomoplastic, they will iioav serve to reduce the 
brittle-fracture strength. They thus haA’e an effect similar to that under 
floAv as far as homoplastic loads are concerned, but for fracture, nonhomo¬ 
plastic loads decrease the fracture strength rather than leave the strength 
unchanged as under floAv. The vast majority of experiments conducted on 
the sIoav loading of members (especially Aveldments) containing residual 
stresses Avere conducted under insufficient constraint or at so high a testing 
temperature that they permitted floAv to take place before fracture. Where 
improvements Avere found by stress relief at 1100°F., these Avere traceable 
more to metallurgical changes than to stress relief per se. The experiments 
conducted by Greene 31 , hoAvever, appear to be more definitive. Bending- 
tests Avere made at various temperatures from — 60°F. to +40°F. on Avide 
plates 3 ft. square containing Avelds along the centerlines, lengthAvise and 
crossAvise, with reproducible defects in the form of saAA* cuts in the Aveld 
metal at the intersection of the Avelds and transverse to the lengthAvise Avoid. 
Some Avere tested in the as-Avelded condition and others Avere first giA'en a 
stress relief by the common loAV-temperature method at 350°F. employing 
torches. (This did not mean that temperature alone Avas relied upon for 
stress relief but this Avas accomplished by differential expansion). The test 
results shoAved that the presence of residual stresses caused a reduction in 
fracture strength of 85 per cent and in fracture deflect ion of 87 per cent. An 
investigation conducted subsequently by SAvan, Lytle and McKinsey 32 
shoAved that the large effects found by Greene could not be accounted for 
by any so-called metallurgical effects during the loAV-temperature stress- 
relie\ r ing process Avhich the latter used. As pointed out by SAvan et al . 3 ~, 
the specimens employed by Greene were under excessive constraint and 
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tested at low temperature where plastic flow was restricted, and residual 
stresses here were very important under these conditions. The applied 
loads were nonhomoplastic. 

The role of the proper kind of residual stresses in increasing the fracture 
load in static bending can be demonstrated dramatically by the influence 
of quenching stresses on the strength of glass 29 . It has been shown that the 
brittle fracture strength of glass beams can be increased to more than four 
times the annealed strength by providing residual surface compressive 
stresses. The loads are quasi-homoplastic in this case. 

As mentioned earlier, residual compressive stresses can be produced in 
the surface layers by nitriding and carburizing, where not only are hard 
interstitial compounds formed, but by the penetration of X and C atoms 
into the lattice, a volume expansion takes place which is resisted by the 
remaining metal, resulting in high surface compression. The high compres¬ 
sive yield strength of the surface layers tends to prevent plastic flow in 
compression under fatigue conditions, thus allowing the residual stresses 
to play their full part in increasing fracture strength. 

Residual stresses, when sufficiently high, may cause brittle fracture when 


no external load is acting on the body. These effects may be termed non¬ 
homoplastic in the sense that no additional load is applied which would 
result in a similar state of residual stress as the one present. The fractures 
which occur are essentially brittle, sometimes transcrystalline and other 
times intercrystalline and in many cases result from the combined effects 
of high tensile residual stresses and the presence of some embrittling agent, 
usually chemical in nature. For example 34 * 35 , steels, when stressed, may 
crack in the presence of hot caustic solutions, molten tin, aluminum or 
copper. Stressed copper alloys are particularly sensitive to ammonia, 
mercury and solder. Stressed aluminum may crack in contact with alumi¬ 


num solders. These phenomena have been classed under the general head¬ 
ings of season cracking, fire cracking, stress-corrosion cracking, etc. In 
addition, residual stress fields originating from precipitation effects can 


contribute to the formation of brittle failures. While the basic laws govern¬ 
ing such failures are not completely understood, an embrittling agent is 
usually necessary in conjunction with a stress field. The formation of the 
new surfaces of the crack requires energy the source of which in these cases 
is the high elastic strain energy stored in the body by the residual stresses 
and strains. Time is an important variable, since, depending on the residual 
stress level, a certain amount of time is required after exposure to the 
various chemical agents before cracks develop. It may weil be that the 
presence of the chemical agent, among other effects, tends to accelerate the 
aftereffect, or the attempt by the particles of the metal to resume their initial 
location. As pointed out by Freudenthal 13 in discussing crack formation on 
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release of load but not for the corrosion cases covered above, relaxation 
gradually shifts the resistance to the residual stresses to a decreasing number 
of bonds, a process which in these cases will eventually result in complete 
separation. 

A number of other examples (nonhomoplastic) of brittle fracture where 
cracking sometimes occurs subsequent to load release but where no cor¬ 
roding medium is present are the following. Zener 36 has discussed the case 
of the disintegration of the tip of a projectile some time after it had passed 
through armor plate. Bridgman 37 found that a thick-walled steel tube, com¬ 
pressed plastically by an external pressure, developed a radial crack at 
the bore some time after load release. Steel ball bearings subjected to heavy 
repeated impact in a tumbling barrel have been known to crack with explo¬ 
sive violence after removal from the machine. Brittle lacquers used in ex¬ 
perimental stress analysis will not crack on a compressively stressed surface 
if it has been covered with the lacquer prior to compressing. Upon load 
release after compressive plastic flow has taken place in the lacquer, it will 
crack owing to the tensile strain of unloading. The method has been used 
in the stress analysis of compressed parts. This type of brittle fracture upon 
release of load has been discussed by Freudenthal 13 . The explanation ad¬ 
vanced is that either a state of highly homogeneous residual stresses result¬ 
ing from heavy plastic flow, and/or volumetric expansion on load release 
relative to a prior state of heavy plastic flow accompanied b} r high hy¬ 
drostatic compression, leads to such fractures. A delayed strain recovery 
(aftereffect) sets in, which, following a relaxation of instable bonds leads to 
brittle failure. It is not considered that this is sufficient reason per se for 
such brittle fractures since the all-important embrittling factor is missing. 
In the cases of brittle fracture previously discussed, the embrittling factors 
were one or more of the following: high constraint, high strain rate, low 
temperature, or corrosive attack and its manifold effects. It is probable 
since such failures usually take place after excessive plastic flow in com¬ 
pression, local in nature, that the embrittling factor is the nearly complete 
exhaustion of the capacity of the surface layers for plastic flow in tension. 
In this manner, when tensile residual stresses are present or when volu¬ 
metric expansion takes place, local plastic flow is impossible and brittle 
failure ensues by the relaxation of instable loads. 


Summary and Conclusions 

The effect of residual stresses on the flow and fracture strengths under 
single-stroke loads is summarized in Table 1. It is thus seen that the 
strength of engineering structures or machine parts under single-stroke 
loads will be increased, left without effect, or decreased by residual stresses 
depending upon whether the applied loads are homoplastic, quasi-homo- 
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Table 1 . Effects of Different Types of Single-Stroke Loads on Flow and 


Fracture Strengths 

Type of Load 

Effect on Flow Strength or Fracture 
Strength After Macro Plastic Flow 

1 ' "" * " _ -i 

Effect on Brittle Fracture 
Strength 

Homoplastic 

! Large increase 

Large increase 

Quasi-homoplastic 

No effect 

t 

Increase 

Nonhomoplastic 

No effect 

Decrease 


plastic or nonhomoplastic and upon whether macroplastic flow will pre¬ 
cede fracture. Reference should he made to the table to determine the effect 
in each individual case. 

It has also been shown that residual stresses are very effective in deter¬ 
mining the fracture strength in fatigue under many conditions. They are 
also largely responsible for many brittle fractures observed after load release 
with and without corrosive agents present. 
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Some Remarks on the Influence of Residual 

Stresses on the Brittle, Plastic, and 
Fatigue Behavior of Structures 

P. P. BIJLAARD 


Abstract 

Using Mohr’s theory of failure, which, by considering only cy¬ 
lindrical states of stress, applies also for plastic deformation, it 
is shown that any material may behave brittlely or plastically, 
dependent on the state of stress to which it is subjected. For 
welded structures the unfavorable influence of triaxial residual 
stresses, which increases the transition temperature and may 
cause brittle failure in any steel, is considered. After listing some 
existing methods for avoiding high triaxial stresses, a case of 
welded columns with rectangular cross section is dealt with, where 
the efforts to avoid triaxial stresses might cause a bad case of fa¬ 
tigue. 


Brittle and Plastic Behavior 

Whether a given material shows a plastic or a brittle behavior depends 
upon the temperature and state of stress. In general a material behaves 
plastically if the resolved shear stress in certain crystallographic planes, 
that is, the component of the shear stress in those planes in the direction 
of a crystallographic axis, is high enough to cause slip in these planes, while 
simultaneously the maximum principal tensile stress remains everywhere 
below the limit stress which would cause brittle fracture. In the opposite 
case, if the limit stress for tension, that is, the cohesive strength of the 
material, is surpassed first, brittle fracture occurs. Also intermediate cases 
exist, where one or more macroscopic shear planes occur, of which the 
general location is independent of the crystalline structure and is deter¬ 
mined by the over-all state of stress alone. 

In most structures one of the principal stresses is usually very small as 
compared to the other two, so that practically they are subjected to plane 
states of stress. In such cases, when the pertinent limiting stresses are 
reached, metals generally show a plastic behavior whereas rocks and con- 
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Crete behave brittlely. However, if all principal stresses are of the same 
order of magnitude any metal may behave brittlely, namely, in the case 
of triaxial tension, and any rocky material or concrete may behave plas¬ 
tically, namely, in the case of triaxial compression. 

The different ways of failure are well known for rocky materials. Since 
they may indicate what can be expected to happen in metals in the less 
familiar region of triaxial tension, the case of concrete, subjected to different 
states of stress, will be considered in some more detail. For so-called brittle 
materials, like concrete, Mohr’s theory of failure 1 is sufficiently accurate. 
According to Mohr failure is governed by the combination of normal and 
shear stresses that act on the prospective plane of fracture. In general the 
critical shear stress required for failure or inelastic behavior is higher, the 
higher (algebraically) the normal compressive stress on the plane is. The 
critical combination of normal stress a and shear stress r for concrete is 
given in Fig. 1 by the curve E. For a given state of stress the most danger¬ 
ous combination of normal and shear stresses occurs in planes represented 
by points on the outer Mohr stress circle. Hence cracks or macroscopic 
shear planes occur in planes represented by the points where the outer 
stress circle touches the critical curve E , which therefore is the envelope 
of all critical outer stress circles. In Fig. 1 circles 1, 2, and 3 are the (outer) 
stress circles for pure tension, pure shear, and a plane state of stress where 
the principal compressive stress is two or three times the principal tensile 
stress, respectively. As follows from the directions of cracks occurring in 
reinforced concrete beams, in all these cases the cracks occur in the planes 
of principal tensile stress, indicated for all circles 1, 2, and 3 by point A in 
Fig. 1. Hence all circles 1, 2, and 3 should touch the envelope at point A 
so that the radius of curvature of the envelope at A is at least equal to the 
radius of circle 3. As far as the writer knows, a similar interpretation of 
brittle tensile fracture in terms of Mohr’s theory was first given by Nadai . 



Fig. 1. Limiting envelope and critical stress circles for concrete. 
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Circle 4 for the compressive strength touches the envelope at B, indi¬ 
cating shear fracture in a plane that encloses an angle of 45° + 0/2 with 
the plane of the principal compressive stress, where 0 is the angle of internal 
friction — da/dr indicated in Fig. 1. Circle 5 represents the state of stress 
in a spirally reinforced concrete column, where the lateral confining pres¬ 
sure <Ti is caused by the spiral reinforcement. In this case not one or two 
well defined macroscopic shear planes occur, but rather a plastic deforma¬ 
tion, that is, sliding in many local microscopic slip planes throughout the 
specimen. The directions of these slip planes scatter widely with respect to 
those indicated by the points where the stress circle touches the envelope, 
owing to the microscopic anisotropy of the material. In this case the ma¬ 
terial deforms plastically as a result of the fact that in all planes com¬ 
pression occurs, so that no cracks can form. It should be realized here that 
also with a macroscopically homogeneous state of stress locally higher and 
lower stresses prevail owing to the heterogeneity of the concrete and the 
microscopic anisotropy of the component crystals and colloid material. 
Therefore the smallest principal compressive stress has to reach a certain 

magnitude such as a x in Fig. 1, in order to prevent tensile stresses and hence 
cracks and brittle behavior. 

A similar kind of envelope applies for all rocks. In that case circle G in 
Fig. 1 represents the state of stress in the deep layers of the earth’s crust, 
where high hydrostatic pressures prevail, so that with sufficiently high 
shear stresses the rocks are deformed plastically by slip in numerous crys¬ 
tallographic slip planes. The stress circle touches the envelope in points 
representing the planes of practically maximum shear stress. Still more 
emphatically than in the case of circle 5 this does not mean that one or two 
microscopic shear planes occur in the planes of maximum shear stress 
alone, as would follow from Mohr’s theory. It should be interpreted as 
indicating that the inelastic deformation is caused by shear stresses only. 
Owing to the anisotropy of the material, however, this inelastic deforma¬ 
tion occurs by slip in intracrystalline slip planes, of which the directions 
show a large dispersion with respect to those of the planes of maximum 
shear stress. Actually in this plastic region Mohr’s theory is only approxi¬ 
mately valid, since not only the maximum shear stress, but also the shear 
stresses in other planes determine the occurrence of plastic deformation. 
The plastic behavior is governed here by the amount of elastic shear 
energy, the so-called yield condition of Huber-v. Mises-Hencky, from which 
the sum of the squares of the principal shear stresses n , r 2 , and r 3 , as 

showm in Fig. 2, governs the plastic deformations. This condition may be 
written in the form 


2 _i 2 , 2 r> 2 

n -j- T2 -f- r 3 = 2t V8 


(i) 
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where t vs is the maximum shear stress required for plastic deformation in 
case of a cylindrical state of stress, that is, a state of stress where two of 
the three principal stresses are equal. The subscript in r ys refers to yield 
stress. 

For the present purpose it is sufficient to consider cylindrical states of 
stress only. In that case, for example with ai = <r 2 , r 3 = 0 and n = r 2 = 
Tmax , so that from Eq. (1) the condition for plastic deformation is 

T max Ty S ( 2 ) 

Hence, if only cylindrical states of stress are considered, Mohr’s theory 
remains valid also when plastic deformation occurs at high confining pres¬ 
sures. 


<T 


Fig. 2. Stress circles showing principal shear stresses. 

In a paper applying his theory of local plastic deformations 3 to the earth’s 
crust, 4 the writer, who has used the above presentation of Mohr’s envelope 
for concrete in his lectures since 1930, expressed the opinion that, with 
respect to cylindrical states of stress, a similar envelope, Fig. 3, exists 
for steel, with the difference, however, that here the r-axis is shifted to the 
left, as follows by comparing Figs. 1 and 3. Circles 1 and 2 in Fig. 3 are 
those for the yield stress in pure compression and tension, respectively. 
In ductile steel even with the usual plane states of stress plastic deforma¬ 
tions but no cracks occur, in the same way as in rocks under high hydro¬ 
static pressure. This must be attributed to the different crystalline struc¬ 
ture of steel and other metals, which apparently generates forces that are 
equivalent to an external hydrostatic pressure, thus shifting the r-axis to 
the left. , 

It would seem important to try to investigate experimentally the exist¬ 
ence of such an envelope and its form for different temperatures. In the 
same way as in Fig. 1, in Fig. 3 circles that touch the envelope to the left 
of the point L p would indicate plastic behavior, while circles touching to 
the right of L b would indicate brittleness, leaving a transition zone L V L„. 




INFLUENCE ON BRITTLE AND FATIGUE BEHAVIOR 


131 



Further, analogous to what was said about rocks, circles touching the en 
velope in the apex A would indicate brittle tension cracks, while those 
touching between L b and *4 would indicate brittle shear failure. 

Since the actual form of the envelope is not known, it is sufficient for 
the following discussion to approximate it by that of Fig. 4, consisting of 
two parallel lines and a semicircle. Cylindrical states of stress only still 
being considered, from Eq. (2) and Fig. 4, where circle 2 applies again for 
the tensile yield stress, plastic deformation may be assumed to start when 
the maximum shear stress 


Tmaz Tys is (3) 

where <r y8 is the yield point in tension and r ys will be called the shear yield 
stress. The latter differs from the yield point for pure shear—which is not 



132 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 


considered here, since it does not refer to a cylindrical state of stress and 

which according to the Huher-v. Mises-Hencky criterion is <r y s/Vz. In this 

case the pertinent stress circle touches the envelope to the left of point L 

in Fig. 4. On the other hand brittle fracture occurs if the maximum tensile 
principal stress 


^1 — Vb, 


where 07 , r is the brittle or cohesive strength 
touches the envelope in the apex A. 


(4) 

In this case the stress circle 


Influence of Residual Stresses 

In the case of a simple tension cr x the state of stress is given by the solid 
Mohr circle 2' in Fig. 4. If increases, the circle will grow until it touches 
the limiting lines r = Azr ys or reaches the point A, where a = a br . In the 
present case the lines r = ±r y , are reached first, so that plastic deforma¬ 
tions will occur at the state of stress indicated by the dashed circle 2 . 

In a welded structure, however, especially if thick plates are used, so 
that shrinkage in all directions is significantly impeded, high triaxial stresses 
will prevail. Suppose the residual state of stress at a certain point is given 
by the solid circle 3 7 in Fig. 4, where 07 is the shrinkage stress in the longi¬ 
tudinal direction of the weld, while the principal shrinkage stresses a 2 and 
<r 3 are assumed to be equal. If now, by dead and live load, the weld is sub¬ 
jected to tension in its longitudinal direction, increases while a 2 and <r 3 
remain constant. In this case the limiting point a = a br may he reached 
first, so that the state of stress at failure is given by the dashed circle 3 
in Fig. 4. Hence, in this case the material will show a brittle fracture, al¬ 
though as discussed above, the same material at the same temperature 
will behave plastically in the case of simple tension. 

In the case of simple tension (Fig. 4), plastic deformation occurs if 
c i = 2 t max increases up to 


(Tip (T ys 2 T 


ys 


(5) 


while brittle fracture would occur if 07 increased up to 


(Tib = 07 


>r 


( 6 ) 


For ductile steels, except possibly at very low temperatures, a ip is always 
smaller than , so that, as the tensile stress is increased, a }p is reached 
first and plastic deformations take place before brittle fracture can occur. 

The situation is different if shrinkage stresses are present. Assuming, tor 
example, that in case of a welded structure at incipient fracture 


0-2 = 0"3 = , Then T max = MO 7 ! — a *) = 34 ^i > 
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so that plastic deformation takes place if reaches 

&lp 4 Tmax “1 Tyg (/ ) 

while brittle fracture again prevails if a i becomes 

(j\b = vbr (6 )bis 

It is seen that a ip is now twice as large as it was for simple tension while 
0-16 remains unchanged. Hence, as the tension increases, a\ b may be reached 
before a \ p , in which case the steel behaves brittlely, without plastic de¬ 
formation. This possibility is enhanced by low temperatures. 

The Transition Temperature 

Fig. 5 gives a graphical presentation of the variation with temperature 
of the limiting stresses t us = Yig ys and o br , from Eqs. (3) and (4). From 
refs. 5 and 6 the brittle strength a br does not change considerably and cer¬ 
tainly does not decrease with falling temperature. Hence from Eqs. (5) 
and (G) in case of pure tension the maximum principal tensile stress g x is 
limited by the two lines ai = a yg = 2 t U8 and = a br in Fig. 5. For tem¬ 
peratures below the pertinent transition temperature G , Eq. (G) governs 
and brittle fracture occurs, while for temperatures higher than G Eq. (5) 
governs and plastic deformation prevails. 

In case of a welded structure with high triaxial stresses, however, ai is 
limited by the lines ai = 4 r ya and oi = a br from Eqs. (7) and (G) above, so 
that now the transition temperature is /•> in Fig. 5. Hence here brittle frac¬ 
ture occurs up to the much higher temperature /•>. 

If an envelope like that of Fig. 3 had been used, a finite transition zone 
would have been found, namely, the temperatures where the stress circles 
touch the envelope between the points L p and L b in Fig. 3. 

Suppose two structures are made from the same steel, one of which is 
practically free from residual stresses while the other has rather high 
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shrinkage stresses. From Fig. 5 the transition temperature L for the first 
will be very low, so that under practically any service temperature the steel 
will remain ductile. For the second, however, the transition temperature t 2 
will be much higher. Hence, when the actual service temperature is low, 
such as in cold winters, it may easily be below t 2 , in which case the steel 
will tend to fracture in a brittle manner, without the possibility of high 
stress concentrations being relieved by plastic deformations. 

In welded structures shrinkage stresses are particularly high if thick 
plates are used. In this case, therefore, brittle fractures at only moderately 
low temperatures are likely to occur. The exact value of this temperature 
depends not only on the state of stress but also on the metallurgical proper¬ 
ties of the steel. It is important to realize, however, that under certain 
stress conditions brittle fracture may occur in any steel and that, therefore, 
only a combination of appropriate design and erection (to minimize the 
shrinkage stresses) and of adequate quality of steel (to maximize ductility) 
can safeguard against brittle fracture. 

This has been recognized in Europe, where after World War II, plate 
thicknesses of more than % in. or 1 in. are mostly avoided in welded struc- 
tures ’ and killed steel is used. Furthermore, several special requirements 
are imposed, which among others, for the common structural steel (St. 37), 
limit the percentages of carbon, phosphorus, and sulfur to about 0.15, 0.05, 
and 0.05 per cent respectively. If plate thicknesses of more than one inch 
have to be used, it is additionally required that after welding the structure 
be normalized in order to reduce the residual stresses. 7 Similar requirements 
are being advanced in this country. 


A Bad Case of Fatigue, Caused by an Effort to Avoid High Triaxial 

Stresses 

If welds have to transfer only secondary forces, for example, welds that 
connect the individual plates of tension or compression members with box 



(a) (b) 

Fig. 6. Box section of compression member and detail of edge 




INFLUENCE ON BRITTLE AND FATIGUE BEHAVIOR 


135 


sections (Fig. 6 (a)), there may be a tendency to make the cross sections of 
the welds as small as possible in order to prevent high triaxial shrinkage 
stresses. In this connection it may be useful to relate here a case from the 
writer’s consulting practice. As a member of a party of three, he had to 
judge the merits of a proposed design for an important railway bridge. One 
of the features of this design was that the tension and compression members 
were built up of rectangular box sections (Fig. 6 (a)). To reduce the triaxial 
shrinkage stresses, the component plates were connected as shown in Fig. 
6 (b) for the corner A (Fig. 6 (a)). He found that in compression members 
this arrangement may lead to a very unfavorable situation. 

The component plates have, of course, initial deflections. If the member 
is loaded in compression these deflections will increase. The com]' ->nent of 
the initial deflections that will increase most is the one with the same shape 
as that in which the member will buckle locally at the plate critical stress 
(T cr . This initial component may be assumed to have a maximum amplitude 
in the center of the plate of about w { = 0.00086 with the largest b/t ratio. 
In a certain case this was about 0.06 times the plate thickness t. 

In the unloaded member the welds and adjacent parts will be subjected 
to high tensile shrinkage stresses, inducing smaller residual compressive 
stresses in the plates themselves. After loading of the member in com¬ 
pression the deflections of the plates will increase. This increase in deflection 
depends on the flexural rigidity of the plates and therefore on the local 
buckling stress of the section. The local buckling stress of such a section 
(Fig. 6 (a)) is from ref. 9: 


<r cr = (2.51 - O. 6 I 7 ) 2 E(t/b) 2 ( 8 ) 

where y is given in Fig. 14 of ref. 10 as a function of the ratios t'/t and b'/b. 
A longitudinal compressive stress <r x in the member will increase the deflec¬ 
tion Wi , as defined above, by an elastic deflection 



1 

(<Tcr/(Tx) ~ 1 



or, taking account of membrane stresses, 




1 [(o"a O'er)/ O’x\ 

(<r a /(J x ) — 1 W 



Eq. (10) follows directly from Eq. ( 11 ) of ref. 11 , since the derivation given 
there applies for elastically restrained plates as well. Here a a is the average 
post-buckling compressive stress, which for the small deflections involved, 
is only slightly higher than <r cr . If the membrane stresses are neglected, so 
that <r a = o ~ cr , Eq. (10) reduces to Eq. (9). During the excess deflection w. 
of the more slender vertical plates in Fig. 6 (a), they are elastically restrained 
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by the horizontal plates, of which the ratio b'/t' was much smaller than the 
ratio b/t of the vertical plates. These elastic restraints induce in the plates 
bending moments M (Fig. 6(a)) which are a function of w e and which vary 
sinusoidally in the longitudinal direction of the column, the ^-direction. 
Let, further, the ^-direction be taken in the faces of the welds and hence 
subtend angles of 45° with the faces of the plates. The moments —M have 
to be transferred by the welds (Fig. 6(b)). With a compressive design stress 
(compressive force divided by area) a x of about 0.4 times the yield point 
of the steel, and with account taken of the additional residual compressive 
stresses in the plates after welding, in certain members, under the assump¬ 
tion of elastic deformation, these moments cause bending stressess a y in 
the welds of the order of magnitude of about three times the compressive 
stress <j x , so that <r y = ±1.2 <r ya . It has been assumed, further, that next to 
the weld the two adjacent plates do not touch. It should be noted that if 
they do touch, the same bending stresses of opposite signs occur in the ad¬ 
jacent half waves, where the moments —M are reversed. 

With the shear energy assumed to govern for plastic deformation, for a 
plane state of stress a x , a y , as exists in the faces of the weld, the stresses 
at yielding are determined by the equation 

2 2 2 

<?x + = Vys 

represented graphically by the ellipse in Fig. 7. Owing to the small welds, 
the triaxiality of the shrinkage stresses will not prevent a plastic deforma¬ 
tion within the weld. It is assumed therefore that at the faces and roots of 
the welds, where the maximum bending stresses u y = ± \.2a y> act, initial 
tensile stresses a x equal to the yield stress a ys occur. Hence in Fig. 7 the 
stress in the welds of the load-free member is given by the point U. With 
a maximum superimposed compressive stress a x = 0.4cr ys (of which 0.1 <r„* 
is from the dead load), inducing bending stresses a y = ±1.2<r y , , the repre¬ 
sentative point for the state of stress at the faces of the weld would arrive 
at a point where 

(J x Gys 0.4(7yj 0.6c y s 



V 


= 1.2a- 


ys 


if tensile stresses are denoted as positive and if elastic deformation is as¬ 
sumed. This is a point somewhat outside the ellipse. The point will actually 
be situated on that limiting curve, at B, where a x is about the same, that is, 
0.6o-y S , and a y = 1.15<r ys . This implies, of course, that some plastic de¬ 
formation occurs. The path AB in Fig. 7 is curved, because from Eqs. (9) 
or (10) the deflection w c , and hence a y , increases progressively with the 
superimposed compressive stress <j x . For dead load alone point -4 applies, 
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so that the stress in this edge of the weld will vary between the points A 
and B. 

At the roots of the welds, with elastic behavior assumed and with stress 
concentration factors left out of account, at the maximum load, <r z = 0.6 a yt 
and <r v = — \.2d ys . This would bring the representative point for this edge to 
B ". Actually plastic deformation occurs, bringing the representative point 
to B' instead of B" and changing also somewhat the path AB. If the bridge 
is unloaded the stress will change elastically along a curve B'A' approxi¬ 
mately parallel to B"A", so that here the stress will vary between the 
points A' and B'. 

The paths AB and A'B' present an interesting case of fatigue loading. 
From Fig. 7 there is seen to be a large variation in the state of stress, which 
remains always rather close to that state of stress producing yield as repre¬ 
sented by the elliptical locus. This indicates that along a large part of the 
path slip will occur in favorably oriented crystalline planes, resulting ul¬ 
timately in fatigue cracks. Such a case could certainly not be allowed in a 
railroad bridge subjected to heavy and frequent traffic. If for the bending 
stresses a u stress concentration factors are used, the picture is still worse. 
The number of cycles required for fatigue failure would certainly be very 
low. It is also evident that in the present case the welds are not sufficiently 
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strong to maintain the right angle between the plates up to the local 
buckling stress, since at the assumed compressive stress <r x = 0Aa ya plastic 
deformations have already taken place in the welds. This decreases the 
actual local buckling stress. A better arrangement could be obtained by 
giving all plates the same b/t ratio and keeping the ratio of b'/b between 
about % and 1.5, in which case the plates practically do not restrain each 
other. In that case, however, the welds must be sufficiently strong to trans¬ 
fer the twisting moments, caused by the elastic deflections of the plates due 
to initial deviations from flatness. Of course, the elastic deflections and thus 
the additional stresses will be the smaller, the higher the safety factor 
against local buckling. In the above case this safety factor was about 1.9, 
not counting the residual compressive stresses in the plates. 
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The Influence of Residual Stresses on the 

Behavior of Ductile Structures 

M. R. HORNE 


Editorial Abstract 

The author considers throughout a perfectly plastic material, 
that is, a material with a stress-strain diagram consisting of 
Young’s modulus line and two horizontals of indefinite extent at 
equal tensile and compressive yield points. lie shows that the static 
strength of a structure in which the elements are subjected to 
bending and axial tension (but not compression) is unaffected by 
residual stresses. The deflection, on the other hand, may be 
affected pronouncedly. An expression for an equivalent stress- 
strain diagram is derived in terms of the frequency with which 
any residual stress occurs over a cross section. This enables an 
upper estimate to be made of the increase in deflections likely to 
occur as a result of residual stresses. 

In a brief discussion of “shakedown loads” the author con¬ 
cludes that residual stresses have no effect on the theoretical 
shakedown load of a structure. 

The paper concludes with a discussion of the effect of residual 
stresses in compression members. 

Introduction 

The term “ductile structures” is taken to include all those in which the 
nature of the material enables plastic deformation to occur in any zone in 
which some critical state of stress is attained. Brittle fracture and fracture 
due to fatigue or other causes are presumed to be excluded. The theory 
of the behavior of such structures, both in the elastic and the plastic range, 
is well established, and it is thus possible to predict with reasonable cer¬ 
tainty the effect of residual stresses on such structures. 

In applying both the elastic and plastic theories, it is necessary to as¬ 
sume that the material from which any part of a structure is fabricated is 
homogeneous. Calculations are based on the properties of test coupons 
taken either from the same batch of material, or from material which it is 
reasonable to assume has similar properties. The most common test for 
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this purpose is the simple tensile test. The tensile specimen has necessarily 
a finite size, and therefore microstresses, and any small-scale residual 
stresses with linear dimensions less than the diameter of the test speci¬ 
men, are automatically allowed for in the ordinary elastic and plastic 
theories of structures. Such residual stresses need not therefore be con¬ 
sidered further. 

It is convenient to differentiate between two types of residual stresses 
when considering their effect on structural behavior. A member subjected 
to combined axial load and bending moment will undergo longitudinal 
strains which vary over any cross section, but on the assumption that plane 
sections remain plane, the strains will be sensibly constant within a region 
of dimensions small compared with those of the member. When the residual 
stresses are approximately self-balancing over such areas, they will he 
termed “small-scale residual stresses,” while if not self-balancing, they 
will be termed “large-scale residual stresses.” It is however assumed that 
large-scale residual stresses are self-balancing over entire cross sections, 
and residual stresses which result in a member as a whole being subjected 
by surrounding members to large moments and forces will not be con¬ 
sidered. 

A discussion is given below of the effect of both small- and large-scale 
residual stresses on 

(1) the load at which yield first occurs, 

(2) the plastic collapse load of a structure, 

(3) the “shakedown” load, 

(4) deflections, 

(5) the behavior of compression members. 

1. The Load to Produce Yield 

Until yield occurs, the total stresses in a structure may be derived by 
algebraic addition of the residual stresses to the elastic stresses induced 
bv the external loads. When the residual stresses are on a small scale of 

V 

linear dimensions, any area subjected say to a tensile stress by the ex¬ 
ternal loads will contain some zones which also have an initial tensile 
stress, and in all such cases the residual stresses will cause yield to occur 
at loads lower than those which would just produce yield in similar struc¬ 
tures initially free from residual stresses. 

In the case of large-scale residual stresses, yield may occur either at a 
lower or at a higher load than in a stress-free structure. It is in some struc¬ 
tures theoretically possible for yield to be delayed as a result of residual 
stresses until the full plastic collapse load is attained. Thus a mild steel 
beam of rectangular cross section (Fig. 1(a)) with the initial self-balancing 
stress distribution shown in Fig. 1(b) would not yield, under a bending 
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Fig. 1 . Residual stress distribution giving greatest elastic range in bending for a 
rectangular beam. 


moment acting in a suitable sense, until the full plastic moment of re¬ 
sistance obtained with the stress distribution shown in Fig. 1(c) was 
reached. While such examples illustrate the possibility of applying pre- 
stress to a structure in order to decrease deflections under load, they are 

0 v 

unlikely to occur haphazardly as a result of methods of manufacture. The 
majority of large-scale residual stress states necessarily cause a reduction 
in the load at which yield first occurs. 

Tests performed on fabricated and rolled beams have shown the effect 
of residual stresses in reducing the load at which yield first occurs 13, 20 ■ 22 . 

This experimental evidence is considered in greater detail in Section 4 
below. 


2. The Plastic Collapse Load 

The plastic theory has reached the stage at which it is possible to cal¬ 
culate, in the absence of instability, the ultimate collapse load of a struc¬ 
ture provided the assumption is made that the material can undergo pure 
plastic deformation after yield. The plastic theory can thus be applied to 
mild steel structures, in which the stress-strain relationship shown in 
Fig. 2 can usually be accepted as describing with sufficient accuracy the 
behavior of the steel up to a strain from 8 to 20 times the strain at yield. 

It has been shown 8 * 10 that if a state of stress can be found for a struc¬ 
ture under load satisfying the conditions of yield and the equations of 
equilibrium, then that structure would support the given loads, even though 
the application of such loads to the actual structure would not produce the 
state of stress stipulated. The plastic collapse load is the highest for which 
such a state of stress can be derived. It follows that residual stresses can 
have no effect on plastic collapse loads, and this conclusion refers to all 
types of residual stresses. 

A number of investigations have confirmed the above theoretical pre- 
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cl Z111. C Z \ 12 arrived at similar conclusions in 1938, partly as a re¬ 
sult of theoretical considerations, and partly from the results of tests on 
redundant triangulated structures. In a series of tests on both miniature 
and full-scale portal frames 1,2,4,6 , Baker, Heyman, and Roderick ob¬ 
tained good agreement between experimental and calculated collapse 
loads, despite the residual stresses which must have been present due to 
welded construction. Stang and Jaffe 20 tested a series of heavy mild steel 
box girders in bending, while the residual stresses in a similarly constructed 
girder were measured by Yasta 22 . These authors came to the conclusion 
that residual stresses had negligible effect on the useful life of such struc¬ 
tures under static loads. The insensitivity of ductile structures to residual 
stresses as far as ultimate carrying capacity is concerned may be explained 
by reference to the redistribution of stress which occurs when loads suffi¬ 
cient to cause local yielding are applied. This redistribution of stresses 
has been measured in welded plates by Rosenthal 18 , using the X-ray tech¬ 
nique. 

The case of an I-beam with initial residual stresses as shown in Fig. 3(a) 
has been the subject of theoretical investigation 3 . The flanges, which each 
have an area equal to that of the w.eb, have an initial tensile stress of 0.3 f y , 
where f v is the yield stress. The web has a uniform initial compressive 
stress of 0 .()f y . As a bending moment is applied about an axis perpendicu¬ 
lar to the web, yield first occurs in compression in the web (Fig. 3(b)), 
then in tension in one of the flanges (Fig. 3(c)), then in tension in the web 
(Fig. 3(d)), and finally in compression in the remaining flange (Fig. 3(e)). 
At this last stage, the stress distribution becomes symmetrical, and the 
beam goes on to develop the full plastic moment of resistance (Fig. 3(f)). 

In the simple plastic theory of structures, it is assumed that no member 
is prevented by instability from sustaining the full plastic load. This as¬ 
sumption therefore underlies also the above statements regarding the 
effect of residual stresses. The effect of instability is discussed in Section 
5 below. 



Fig. 2. Idealised stress-strain curve for mild steel. 
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Fig. 3. Development of plastic zones during the bending of an I-beam with resid¬ 
ual stresses. 


3. The Shakedown Load 

In the plastic theory of structures, complications may arise when various 
load distributions are applied successively to the same structure. The 
alternations of load are not considered to be sufficiently numerous to 
introduce failure by fatigue, but may cause trouble either by incremental 
collapse, or by the alternate straining of the same fibres first to yield in 
tension, then to yield in compression. It has been shown 9 - 14 ■ 15 that both 
of these dangerous conditions will be avoided in a structure provided it is 
possible to find some residual stress state such that all changes of stress 
imposed by external loads could take place without causing further yield. 
The structure is then said to “shake down,” and the maximum loads under 
which the structure can shake down are termed “shakedown loads.” It is 
immaterial whether or not the stress state postulated could be reached 
in an actual structure, and the above principle can be established without 
in any way stipulating the initial state of stress existing before any loads 

are applied. Hence residual stresses have no effect on the theoretical shake- 
down load of a ductile structure. 

The above treatment of the behavior of ductile structures under re¬ 
peated loads has not yet received full experimental confirmation, and 
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certainly no experimental work has yet been reported on the effect of 
residual stresses on shakedown loads. Residual stresses due to overstrain¬ 
ing are, however, in any case present in an initially stress-free structure 
after the first application of the shakedown loads. It therefore seems most 
unlikely that the presence of initial stresses in an actual structure would 
decrease the shakedown load, and the conclusions of the theoretical treat¬ 
ment of the problem may therefore be accepted with some confidence. 
These considerations apply to all types of residual stress distribution. 


4. Deflections 


Small-Scale Residual Stresses. It was seen in Section 1 that small-scale 
residual stresses always lead to a decrease in the load at which a structure 
begins to yield. Small-scale residual stresses therefore lead to an increase 
in the deflections above the load at which yield first occurs. 

Consider a large test specimen, of dimensions comparable with those of 
the components of a structure containing small-scale residual stresses. Let 
a normal tensile specimen give the stress-strain relationship shown in Fig. 
2, the yield stress in both tension and compression being f y . Let the pro¬ 
portion of any typical cross section of the structure, and of the test speci¬ 
men, with an initial residual stress lying between / and / + df be given by 


dA f 

( R/fy) df , where It = — J -A and dA is an element of the cross-sectional 

A dj 

area A. Then R will be a function of /, and will define some frequency 
curve as shown in Fig. 4. Since the total force over any cross section is 
zero, the origin lies at the mean of the frequency curve and 


Rfdf = 0 (1) 

Let the large specimen under consideration undergo a uniform tensile 
strain of e, and let E be the elastic modulus of the material for plane stress. 




Fig. 4. Distribution curve for residual stresses. 
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Then it is readily shown that the resulting mean stress a has the value 



The above relationship between e and a provides a new “effective” stress- 
strain relationship from which the behavior ot the structure may be de¬ 
duced. I he resulting stress-strain curve differs under tension and compression 
unless the frequency distribution of initial stresses (Fig. 4) is symmetrical 
about the origin. 

Some hypothetical frequency distributions for residual stresses are shown 
by curves 1 to 4 in Fig. 5, and the resulting effective stress-strain curves 
are shown in Fig. G. Ihe curves 1 to 4 in Fig. 5 have the following formulae: 





0.2409 



The effective stress-strain curves 1 to 4 in Fig. 6 may be obtained from the 
above functions tor R by the use of Eq. (2). The frequency distributions 
are symmetrical, and hence give the same effective stress-strain curves in 
tension and compression. All the curves lie on or below GAB, which repre¬ 
sents the stress-strain relationship for the material in the absence of residual 
stresses. It may be seen that at a given mean stress, the strain is the greater 
the larger the proportion of material with high initial stress. The most ex¬ 
treme case occurs when half the material is at yield point in tension, and 
the other half at yield point in compression. The effective stress-strain 
relationship is then given by OCB in Fig. G, where OC has a slope of E/2, 
or exactly half that of OA. The deflections of a structure with such residual 
stresses would thus be twice those of a similar structure without, residual 
stresses. The stress-strain relationship OCB represents the lowest limit 
corresponding to any type of frequency distribution R. Hence small-scale 
residual stresses may cause up to a maximum increase of 100 per cent in 
deflections as compared with an initially stress-free structure. 

Large-Scale Residual Stresses. It w r as shown in Section 1 that large-scale 



146 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 



Fig. 5. Hypothetical frequency distributions of residual stresses. 

residual stresses can cause either a decrease or an increase in the load at 
which yield first occurs, depending on their distribution. Consequently 
they can lead to either an increase or a decrease in deflections as compared 
with structures which are initially free from residual stresses. 

The residual stress distribution giving the highest bending moment at 
yield for a beam of rectangular cross section has already been presented in 
Fig. 1(b). The same stress distribution would also give the least curvature 
under any applied moment up to the full plastic moment. Similar residua 
stress distributions giving reduced curvature under applied moments as 
compared with initially stress-free members can be derived for beams o 
any cross section, the minimum attainable curvature at a given bending 
moment being that corresponding to the elastic bending of a similar beam 
with a higher yield stress. Certain stress distributions, however, lead to 
considerably increased deflections. In the case of a beam bent about an 
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Fig. 6. Effective stress-strain relationships in the presence of residual stresses. 


axis of symmetry XX (Fig. 7(a)), it can be shown that the greatest curva¬ 
ture due to an applied bending moment will occur when the distribution of 
residual stresses takes the form shown in Fig. 7(b), this distribution being 
antisymmetrical about the axis XX. If b is the width of the section at a 
distance y from the central axis XX, the dimension s (see Fig. 7(a)) is 
given by the condition 

-d/2 

J o by dy = J bydy (3) 

This equation expresses the requirement that the net moment of resistance 
due to the residual stresses is zero. If y denotes the ratio of the curvature 
of a section containing these initial stresses to the curvature of an initially 
stress-free member under the same applied bending moment, then 

/ 

V 


7 


(4) 
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Compression 



Fig. 7. Initial stress distribution giving maximum curvature under applied 
bending moments. 


where I and I are the moments of inertia about the central axis of the 
whole section and of the area BCC'B' respectively. The bending moment is 
assumed to be applied to the member containing the residual stresses in 
such a sense that plastic deformation occurs in the outer areas ABC, 
A'B'C'y so that the only part of the section over which the stresses change 
is the area BCC'B'. Eq. (4) then remains valid until the applied moment 
(M) is sufficient to cause a total change of stress of 2 f y in the extreme fibres 
of BCC'B', i.e., until 

M = 2 J ^~ (5) 

s 

Thereafter the ratio y decreases. The values of y as given by Eq. (4) are 
listed for beams of various cross section in Table 1. The I-beams are as¬ 
sumed to be bent about axes perpendicular to the web, and the ratio thick¬ 
ness of flange to depth of section is assumed small compared with unity. 
The quantity a denotes the ratio area of web to total area. 

It is thus theoretically possible that large-scale stresses in beams of 
practical cross sections may cause curvatures up to three times those caused 
by the same bending moments acting on similar stress-free beams. Even 
greater increases of curvature are possible if unusual cross sections are 
postulated. It is to be noted however that these most unfavorable residual 
stress distributions are most likely to arise, since they are antisymmetrical 
about an axis of geometric symmetry. Residual stresses of the t}'pe shown 
in Fig. 3(a) are far more likely, and the effect of such distributions on curva¬ 
tures is shown in Fig. 8. The ratio of applied bending moment to full plastic 







Bending Moment -r Full Plostic Moment 
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SECTION 

8 

o 

Solid circular 

2 \/2 = 2.828 

e 

Rectangular 

2. 972 


I - Beam a = 0.75 

2.632 

-i- 

I - Beam a = 0.50 

2.286 


I - Beam a = 0.25 

2. 105 

• 

t 

I-Beam a = 0 

2.000 


Table 1. Maximum theoretical eflect of residual stresses on the curvature of a beam. 



0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Curvoture-j-Curvoture of Normol Section ot Yield 

Fig. 8. Moment-curvature relationships for an I-beam with various intensities 
oi initial stress. 
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moment is plotted as ordinates, while the abscissae are the ratios of the 
corresponding curvatures to the curvature of an initially stress-free beam 
when just about to yield in the extreme fibres. The results all apply to 
I-beams in which the area of each flange is equal to that of the web, and are 
given for various ratios of the initial compressive stress in the web to yield 
stress. The effect of the residual stresses is to increase the curvatures, al¬ 
though all the curves rejoin that for an initially stress-free beam before the 
full plastic moment is reached. The greatest values of 7 occur for a beam 
in which the web is initially stressed to the yield point, the maximum value 
of 7 being 2.1G at a bending moment 0.933 times the full plastic moment. 

Experimental Evidence. The effect of large-scale residual stresses on de¬ 
flections may be studied b} r reference to the tests on large welded steel box 
girders reported by Stang and Jaffe 20 and by Vasta 22 . A typical distribution 
of the residual stresses in these tests is shown in Fig. 9, which is taken from 
Fig. 11 of the paper by Vasta. The relationship between load and average 
longitudinal strain of the bottom plate for the girder tested at 40°F. is 
shown in curve 1 of Fig. 10. This curve is taken from Fig. 13 in the paper 
by Stang and Jaffe, and applies to a cross section remote from a diaphragm 
and away from a weld. The theoretical load-strain curve as given by the 
simple plastic theory ignoring residual stresses is shown as curve 2 , while 


Stress -1,OOOpsi 
Tension 
50 40 30 20 10 0 


Stress - 1,000 psi 
Compression Tension 

20 10 0 10 20 30 40 



Yield stress - 34.4 x 1,000psi 


Fig. 9. Residual stress distribution in a large steel box girder as measured b\ 


Vasta 22 . 
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curve 3 is the approximate relationship when residual stresses are allowed 
for. The discrepancy between curves 1 and 3 may be attributed to the ap¬ 
proximation of assuming the idealized stress-strain relationship shown in 
Fig. 2, which neglects the limit of proportionality and the strain hardening 
after yield. The improved agreement when residual stresses are taken into 
account does however appear significant. 

Many bending tests have been reported on beams of various types. Ex¬ 
cept when the beams have been annealed, it is usually found that the de¬ 
flections calculated on the basis of the simple plastic theory are less than 
those observed (see, for example, Luxion and Johnston 13 and Roderick 16, 17 ). 
While the discrepancy is partly due to the low proportional limit and wide 
variation in properties of the steel, it is probable that the presence of residual 
stresses is also a partial explanation. 

5. Compression Members 

The behavior of any member under compression depends on its initial 
imperfections and lack of homogeneity, and on the eccentricity of the ap¬ 
plied load. The member deforms as the load is increased until yield occurs 
at a critical section. A slender member will then usually collapse with prac¬ 
tically no further increase of load, while stocky members may go on to 
carry appreciably higher loads before collapse takes place. When the com¬ 
pression member is either wholly or partially restrained against rotation at 
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the ends by adjacent structural units, the rigidity of these members is of 
prime importance. 

A complete theoretical treatment of the above process is too involved to 
foim the basis of a practical method of estimating collapse loads, and to 
attempt an accurate theoretical study of the same problem when compli¬ 
cated by the presence of residual stresses would evidently not be a fruitful 
approach. An alternative procedure is to study the effect of residual stresses 
on the concepts which have already proved useful in the practical study of 
the general instability problem. 

Two distinct approaches have been used to derive design formulae for 
compression members. The first is to assume either an initial lack of 
straightness or an eccentricity of load, and to calculate, on the assumption 
of elastic behavior, the load at which some safe stress is reached. The lack 
of straightness or eccentricity is chosen to allow both for actual lack of 
straightness and accidental eccentricity, and for non homogeneity of ma¬ 
terial. Residual stresses will aftect such calculations in several ways. Re¬ 
sidual stresses are commonly accompanied by considerable lack of straight¬ 
ness, and this alone may necessitate taking higher values for the assumed 
eccentricities. Secondly, if the member is to remain elastic, the “safe stress” 
as usually calculated cannot be allowed greater than the difference between 
the maximum residual stress and the yield stress. When the residual stresses 
themselves approach the yield stress, the estimated safe loads may be un¬ 
necessarily conservative. If the treatment is considered to be purely em¬ 
pirical, it might be argued that the “safe stress” need not be reduced as 
cX 1 \ cX s t he cX 1 e argument indicates. In this case, however, as soon 
as the member begins to yield, the material has to be regarded as lacking 
homogeneity, and very high lateral deflections may rapidly develop. It 
thus becomes essential to assume a considerably increased eccentricity or 
initial lack of straightness. It will thus be appreciated that it is difficult to 
arrive at any useful conclusions when the problem is treated in this way. 

The second general approach is the use of the Shanley and the Engesser 
loads. The Shanley 19 load is that at which an initially straight axially loaded 
strut can first begin to assume an equilibrium deflected position, the deflec¬ 
tion increasing as the load is itself increased. In the case of a homogeneous 
member, the Shanley load is that given by substituting, in the relevant 
elastic instability formula, the slope E t of the tangent to the stress-strain 
curve at the appropriate mean stress in place of the modulus of elasticity 
for the material (E). Hence the Shanley load is commonly referred to as 
the “tangent-modulus” load. The Engesser 6, ' load, also suggested later by 
von Karman 11 , is that at which a straight, axially loaded member could in¬ 
stantly assume a finite deflection without further increase of load. For a 
homogeneous member, the Engesser load is obtained by substituting in 
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the elastic instability formula a ‘‘reduced modulus” E r , which depends on 
the elastic modulus E , the tangent modulus E t and the shape of the cross 
section. Hence the Engesser load is frequently termed the “reduced-modu¬ 
lus” load. The value of E r is always intermediate between E and E t , and 
it can be shown that the Shanley (or tangent-modulus) and the Engesser 
(or reduced-modulus) loads represent respectively lower and upper limits 
for the buckling of an initially straight, axially loaded member. 

In the case of a member with the stress-strain relationship shown in Fig. 
2, E t — E r = E until the yield stress is reached, when E t — E r = 0. Hence 
for such a member the Shanley and Engesser loads remain equal to the 
elastic-instability load unless the mean stress is sufficient to cause plas¬ 
tic deformation of the whole cross section. When residual stresses are pres¬ 
ent, however, the effective stress-strain curve is modified, and both the 
Shanley and the Engesser loads are decreased. The maximum reduc¬ 
tions which may occur in these loads will now be discussed with reference 
both to small- and large-scale stresses. 

The treatment here refers only to initially straight, pin-ended, axially 
loaded struts, and the results should not be used directly in an attempt to 
deduce the behavior of a practical compression member rigidly connected 
to the structure of which it forms a part. It has been shown con¬ 
clusively 1 that the process of basing design methods for continuous stanch¬ 
ions on the behavior of pin-ended struts is entirely irrational, despite the 
extent to which such a course has been, and still is, adopted. It is also 
necessary to point out that the residual stress distributions assumed below 
are considered, not because their occurrence in practice is probable, but 
simply because they lead to the greatest possible reduction in the carrying 
capacity of a pin-ended strut. It would, therefore, be a mistake to assume 
that these theoretical reductions in carrying capacity are at all likely to 
occur in actual structures. They simply provide lower limiting values. 

Small-Scale Residual Stresses. The effective tangent modulus of a mem¬ 
ber containing residual stresses of this type may be obtained by finding 
da/de from Eq. (2), and is given by 


Z f y E * 

, Rd f 


( 6 ) 


The ratio of tangent modulus to elastic modulus therefore equals the pro¬ 
portion of the total area remaining elastic, as is otherwise obvious. 
In order to determine the minimum possible tangent modulus at a given 
mean stress, it is sufficient to note (1) that all possible stress-strain relation¬ 
ships lie between OAC and OC in Fig. 6, and (2) that in the absence of 
strain-hardening, no part of any effective stress-strain relationship can be 
convex to the axis of strain. The minimum tangent modulus at a com- 
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pressive stress f\ is thus obtained with the relationship ODC in Fig. 11. It 
can be shown that this stress-strain relationship corresponds to an initial 
state of stress in which a proportion (f v — fi)/(2f y — fi) of the cross section 
has an initial tensile stress f y , the rest having an initial compressive stress 
(fu ~~ / 0 - The section behaves elastically until at a mean stress of f\, the 
first part of the cross section has a tensile stress of ( f y — /i), and the latter 
a compressive stress f y . Under further increase of stress, only the first part 
of the cross section (the proportion ( f y — fi)/(2f v — /i)) behaves elastically ? 
and hence at the stress fi , 


E_t = (7) 

E 2fy -h 

It is readily shown that E t as given by Eq. (7) represents the slope of DC 
in Fig. 11 . The least value of the reduced modulus E r at the mean stress 
/i is obtained with the same distribution of initial stresses, and for a mem¬ 
ber of rectangular cross section is given by 21 




If f e represents the mean critical stress of a member as given by the elastic 
instability formula, and f t and f r the corresponding mean stresses at the 
Shanley and Engesser loads respectively, then f ( /f e = E t /E and f r /f e = 
E r /E where E t and E r are obtained by substituting/i = f t and fi = f r in 
Eq. (7) and ( 8 ). The minimum possible values of f t /f e and f r /f e thus ob¬ 
tained are shown by the uppermost curves in Figs. 12 and 13 respectively 
for all values of f t /f v and f T /f y from 0 to 1. It will be seen that for low 



Strain 

Fig. 11. Critical stress-strain relationship for compression members. 
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values of /<//„ and f r /f y , the Shanley load may be decreased by at least 50 
per cent and the Engesser load at least 32 per cent owing to the presence of 
residual stresses. Although for high values of f t /f y and f r /f v the reduction 
appears to be much greater, it must be remembered that the critical 
mean stress in the absence of residual stresses cannot exceed /„ . Hence 
when fe/Jv > 1 , the decrease in the critical load is measured by the ratios 
ft/fv and fr/fy rather than by f t /f e and f r /f e . The val ues of fe/fy as given by 
lines of constant slope are indicated in Figs. 12 and 13. 

Large-Scale Residual Stresses. The most unfavorable initial stress dis¬ 
tribution in a member bent about an axis of symmetry XX for both the 
Shanley and Engesser loads at a mean compressive stress of f\ is shown in 
Fig. 14(b). An area BCC'B' of the cross section (Fig. 14(a)) has an initial 



Fig. 12. Effect of residual stresses on critical loads calculated by the Shanley or 
tangent modulus theory. 
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Fig. 13. Effect of residual stresses on critical loads as calculated by the Engesser 
or reduced modulus theory. 
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tensile stress of f v , and the rest a compressive stress of (J v — fi). The dimen¬ 
sion $ in Fig. 14(a) is given by 

f* rd/2 

f v bdy = (f v - /0 J' bdy (9) 

After the application of a load causing a mean axial stress f \, the stress dis¬ 
tribution takes the form shown in Fig. 14(d), the areas ABC and A'B'C' 
(Fig. 14(c)) then being stressed to the yield point in compression. 

Consider now the modifications which could occur in the stress distribu¬ 
tion of Fig. 14(d) under combined flexure and additional longitudinal 
compressive strain. Elastic modifications in the stresses may be represented 






Moteriol of yield 
in tension 


Material ot yield 
in compression 


Fig. 14. Critical residual stress distribution in a compression member. 
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by the combined rotation and displacement of the base line JK of the 
stress distribution diagram. The Shanley load is obtained by considering 
the displacement from JK to J'K shown in Fig. 15(a), the central area 
BCC'B' (Fig. 15(b)) alone undergoing a change of stress. The ratio of the 
Shanley load to the elastic critical load will thus be given by the ratio of 
the moment of inertia oi BCC'B' to that of the whole cross section about 
the axis of bending XX. 


In order to obtain the Engesser load, it is necessary to find a modification 
of the stress distribution giving no increase of mean axial stress. When the 
distance u of the center of gravity G of the area BCA', in Fig. 16(b), from 
the axis XX is less than s, the modification of the stresses is as shown by 
the shaded areas in Fig. 16(a). The whole of the area BCA' undergoes 
elastic change of stress, and the ratio of the Engesser load to the elastic 
critical load is equal to the ratio of the moment of inertia of the shaded area 
in Fig. 16(d) about X'X' to the principal moment of inertia of the whole 
cross section. When u is greater than s, part of the area B'C'A' yields further 
in compression (Figs. 16(c) and (d)), and the moment of inertia to be taken 
is that of the combined shaded areas about the line B"C", which contains 
their center of gravity G. 

The ratio of the mean stress ft at the Shanley load to the elastic critical 
stress f c is given for members of various cross sections in Fig. 12. The H 
sections are assumed to bend about an axis in the plane of the web, and 
the symbol a denotes the ratio of the web area to the total area of the 
section. Similarly the ratio of the mean stress f r at the Engesser load to the 
elastic critical stress is given for the same sections in Fig. 13. It will be 
seen that for both the Shanley and the Engesser loads, large-scale residual 






Area of section over which a chonce of stress occurs 


Fig. 15. Changes of stress in a member with residual stresses. 
Shanley load. 


Buckling at the 
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stresses can always lead to lower critical loads than is possible with small- 
scale residual stresses. 

Experimental Evidence. There appears to have been practically no experi¬ 
mental work on the effect of residual stresses in compression members. 
While the theoretical decreases in carrying capacity deduced above are 
merely extreme cases, the general conclusion that residual stresses may 
reduce the carrying capacity of compression members is inescapable. 
Similar conclusions were reached by Kazinezy 12 with reference to compres¬ 
sion members acting as components of redundant triangulated frames. 




SiHi Area of section over which chonqe of stress occurs 

Fig. 16. Changes of stress in a member with residual stresses. Buckling at the 
Bngesser load. 
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6. Conclusions 

In the absence of instability, residual stresses have no effect on the ulti¬ 
mate carrying capacities of ductile structures, provided they do not cause 
brittle fracture. Maximum allowable repeated and variable loads are simi¬ 
larly not affected, unless the number of loading cycles is sufficient to cause 
fracture due to fatigue. 

Small-scale stresses always lead to a decrease in the load at which yield 
first occurs, and to increased deflections beyond the yield point, up to 
twice the deflections of a similar structure without initial stresses. Large- 
scale stresses can cause either an increase or decrease in the load at the 
beginning of yield, but the probability is that any haphazard residual stress 
distribution will cause a decrease. After yield, deflections due to large-scale 
stresses may be either greater or less than in a similar stress-free structure. 
When they are due primarily to bending action, deflections may be in¬ 
creased up to a maximum, for practical sections, of three times the deflec¬ 
tions of a structure initially free from internal stresses. 

Residual stresses can theoretically cause heavy reductions in the carry¬ 
ing capacities of pin-ended compression members. Thus small-scale residual 
stresses can cause decreases of at least 50 per cent in the Shanley load and 
32 per cent in the Engesser load, while potential decreases due to large- 
scale stresses are greater than these figures. These results cannot be used to 
derive the possible effect of residual stresses in a compression member form¬ 
ing part of a continuous structure, and in any case only refer to the most 
unfavorable distributions of initial stresses. The theoretical reductions in 
carrying capacity obtained do, however, reveal the need for further in¬ 
vestigations into the behavior of practical compression members containing 
high internal stresses. 
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Shakedown of Elastic-Plastic Structures 


P. G. HODGE, JR. 


Editorial Abstract 

After discussing and defining shakedown the author presents 
an elementary example exemplifying the ideas discussed. He then 
states and proves the shakedown theorem for trusses, beams, and 
frames. To illustrate the application of the principles involved the 
shakedown of a plane frame is investigated. There follows a section 
on shakedown in continuous media. The paper closes with a cri¬ 
tical discussion of the applicability of shakedown analysis and of 
the idealizations it is necessary to make. 


1. Introduction 

In designing a structure for a given purpose, it is necessary to define the 

maximum load or loads which the structure will be able to support. The 

structure is then designed so that the ratio of this maximum load to the 

estimated applied load is at least a certain value known as the safety fac¬ 
tor. 

There are at least three different methods of defining the maximum load. 
The most conventional is the elastic load , i.e., the largest value of the load 
which may be applied such that no portion of the structure will be stressed 
beyond the elastic limit. 

With the emphasis on economy of weight and material which accom¬ 
panied the development of aircraft, it was recognized that the maximum 
elastic load was not realistic, in that the remaining members of a redundant 
structure could often carry increased loads even after some of the members 
had become plastic. A definition of maximum load which is not subject to 
this objection is the collapse load , i.e., the smallest value of the load such 

that large deformations would accompany even small further increases in 
load. 

The collapse load is often reasonable in situations where the envisioned 
loads are to be applied only once, or at most a very few times. However, if 
plastic flow has taken place during the initial loading, there will be residual 
stresses when the loads are removed. These residual stresses will, of course, 
influence the load at which plastic behavior commences during the next 
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loading. It may be that, under the repeated or alternating loads, limited 
plastic flow takes place with each extreme loading, even though collapse 
does not occur for any single application. If this plastic flow is always in 
the same direction (incremental collapse 20 ), the cumulative deformations 
will soon be such as to make the structure unserviceable. On the other hand, 
if the plastic flow in a certain part of the structure is alternately in tension 
and compression (alternating plasticity 12 ), experiments have shown that 
rupture will occur after a very few cycles. Under repeated loadings, then, 
the maximum load must be such that these phenomena cannot occur, i.e., 
the residual stresses produced b}^ the first few loadings must be such that 
the structure then shakes down to purely elastic behavior. In many situa¬ 
tions where repeated loads are applied, the actual sequence of loading is 
more or less random, and only the extreme values of each load component 
are known. In order to include this case in the definition, a shakedown load * 
is defined as a set of maximum and minimum load components, such that 
at most a limited amount of plastic deformation will take place under 
any sequence of loads within these extreme values. 

As a typical elementary problem, let us consider the simple frame of 
Fig. 1, which is built in at one end and free to rotate but not slide at the 
other. For definiteness, let the vertical load be twice the horizontal load. 
The loads can then be represented in terms of a load factor X, defined by 

II = X, V = 2X, 

and the problem is to find the maximum load factor which the frame will 
support. Which of the previously defined criteria is appropriate depends 
upon the use to which the frame will be put. As part of a precision instru¬ 
ment, for example, no permanent deformations would be permissible and 
the appropriate maximum load factor is the elastic one. On the other hand, 
the collapse load factor would be the most realistic basis upon which to 
design an air-raid shelter, since the extreme load is presumably applied 
at most once, and limited permanent deformations are certainly permissible. 
Finally, if the frame were part of a vehicular bridge, the shakedown load 
factor should be preferred, since the two loads (say vehicular and wind) 
may be applied independently and in any sequence. 

The present paper is concerned primarily with the shakedown loadf, and 
we shall return to this particular example in Section 4. First, however, in 

* The term “shakedown” was introduced by Prager 22 . The first references to the 
problem appear to have been by F. Bleich 2 and Kazinczy 13 . Other early investigations 

were carried out by Griming 7 , H. Bleich 3 , and Melan 16 - 16 . # , 

t Methods for determining the maximum elastic load may be found in any goo 
“Strength of Materials” text (for example, ref. 29). The best available discussion o 
collapse loads is by Symonds and Neal 26 ; the shakedown load is also discussed there. 
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Section 2 we shall consider in detail the elastic-plastic behavior of a very 
simple u ‘truss,” in order to clarify the fundamental ideas involved. In 
Section 3 we shall state the fundamental shakedown theorem, and prove it 
for the truss considered in Section 2. An outline will be given for the ex¬ 
tension of the proof to more complex trusses, and to beams and frames. In 
Section 4, we shall use the theorem to find the shakedown load factor for 
the frame previously mentioned. This will be compared with the other load 
factors, and some observations will be advanced on the relations between 
the various factors. Next, in Section 5, a brief account will be given of the 
applications of shakedown theory to continuous media. Finally, the results 
and limitations of the theory will be reviewed in Section C. 



V 



A 


Fig. 1. Simple frame. 


2. An Elementary Example 

Let us consider a very simple example which will exemplify most of the 
ideas discussed in the introduction. The two-bar parallel truss* in Fig. 2(a) 
consists of a solid cylinder and a hollow coaxial tube of equal length. These 
are mounted between parallel rigid plates carrying collinear loads P of 
equal intensities but opposite directions. Each bar is thus stressed in simple 
tension or compression. The assumed stress-strain curves of the two bars 
are given in Figs. 2(b) and 2(c). Each bar is made of the type of material 
known as perfectly plastic , but may have different yield points in tension 
and compression. It is assumed that the bars do not buckle. 

Let the bars be numbered 1 and 2, and let subscripts be used to refer to 
the appropriate bar. The characteristics of each bar consist of the compli¬ 
ance d (the elastic elongation per unit force) and yield forces F t and Y / 

* This example has been previously discussed by Symonds and Prager 28 and 
Hodge 9 . A similar example has been treated by Prager 22 and Prager and Hodge (ref 
23, Sec. 6). 
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in tension and compression respective^. The state of each bar will be com¬ 
pletely defined by the axial force >S\ and the permanent elongation A». 

In terms of these quantities, the total elongation L { is given by 

Li = CiSi + A,- . (2.1) 

In the following it will prove convenient to define “reduced forces” and 
“reduced elongations” by 

Si = Si^ , = Yiy/~Ci , y/ = Y i '\/ r ci , A,- = A,-/ y/ci , 

li = Li/ y/ci . 

The forces in the two bars must be in equilibrium with the applied load 
P , so that 

Si/\fci + s 2 /V ^2 = P- (2.2a) 

Since the truss is statically indeterminate, Eq. (2.2a) is not sufficient to 
determine the forces. A second equation is provided by the condition that 
the total elongations in the two bars must be equal: 

Li = \/cI(si + Ai) = \Zc2(s 2 + A 2 ). (2.2b) 

Eqs. (2.2) contain four unknown quantities: Si , s 2 , Ai, A 2 . However, 
the following observations enable us to eliminate two of these at any stage 


P 



a. b. c. 

Fig. 2. (a) Two-bar parallel truss; (b), (c) Stress-strain curves for the bars in the 
truss of (a). 
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of the loading, provided we know the complete loading history. During the 
initial elastic loading, there are no permanent deformations, so that Xi 
= X 2 = 0 and Eqs. (2.2) may be solved for Si and s 2 . If the load in one of 
the bars, say bar 1, is such that the bar yields in tension, then as long as 
the load is being further increased, s x = y x . Since X> continues to be zero, 
Eqs. (2.2) can be solved for s 2 and Xi . If, after bar 1 has yielded in tension, 
the load is decreased, Xi will maintain its constant value and Eqs. (2.2) 
may again be solved for S\ and s ->. 

The above analysis may be advantageously represented in a two-dimen¬ 
sional force space with Cartesian coordinates s x and s 2 , (Fig. 3). The point 
with coordinates (si, s 2 ) will be called the force point, F , and the point 
with coordinates ( —Xi, — X 2 ) will be called the set point , G. Knowledge of 
the motion of these two points under varying loads is equivalent to a com¬ 
plete description of the state of the truss. The yield forces will be repre¬ 
sented by the four lines 

Si = 2/i , Si = 2/i', s 2 = y 2 , s 2 = y 2 '. 

Since the forces in the bars can never exceed the yield forces in magnitude, 
the force point must lie on or within the yield rectangle bounded by these 
four lines. For any given value of the load, Eq. (2.2a) determines the 
equilibrium line , and as P varies the equilibrium line moves parallel to 
itself. For any given values of Xi and X 2 , Eq. (2.2b) determines the line of 
compatibility , and as the set point moves the line of compatibility moves 
parallel to itself. Further, the totality of equilibrium lines and lines of 
compatibility form a rectangular net. Since Si and s 2 must satisfy both of 
Eqs. (2.2), the force point will be the intersection of the equilibrium line 
and the line of compatibility. Fig. 3 illustrates the yield rectangle and 
typical positions of the lines and points defined above. 

The various criteria for maximum loads can now be illustrated. If the 
truss is loaded originally with an increasing tensile load P, both bars will 
be elastic for sufficiently small values of P. During this stage the equilib¬ 
rium line will move from its initial position RR through the origin (Fig. 4) 
to AD. This later position corresponds to the maximum elastic load, whose 
value is given from the figure by 

P c = OD/ \/c 2 . (2.3) 

During this loading the force point moves from 0 to A, while the set point 
remains at 0. 

If P is increased beyond P c , bar 1 will yield. The force point F will 
thus be the intersection of the equilibrium line and the yield rectangle. A 
typical point of this kind is II, corresponding to a load 

Pi = 0K/V^2 
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(Fig. 4). The set point meanwhile moves along the negative Si-axis and is 
the Si-intercept of the line of compatibility. Thus when the force point is 
at H , the set point is at L. 

As the load is further increased, the force point will reach the corner B 
of the yield rectangle, and the set point the position C. Since both bars are 
now yielding, the set point may move indefinitely along the line BC and 
the truss will collapse. Thus the collapse load is given by 

Pc = OE/Vk- (2.4) 

Now let us consider the case where after reaching the value Pi , the load 
is not further increased but is decreased. The yield stress in bar 1 is im¬ 
mediately relieved, and both bars are elastic. Thus the set point remains 
at L, and the force point is the intersection of the equilibrium line corre¬ 
sponding to P , and the line of compatibility through L. In particular, if 
the load is reduced to zero, the two bars will retain residual stresses indi¬ 
cated by the coordinates of N (Fig. 5). 

If a compressive load is now applied, the force point will continue to 
move along the line IIN to the point Q. At this point bar 2 will commence 
to yield in compression, so that as the load is still further decreased the 

% 



Fig. 3. Graphical representation of truss in Fig. 2(a). 
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force point moves from Q to S. Meanwhile, the set point will move along 
the line parallel to the s 2 - axis from its former position L to the point Z on 
the line of compatibility through S. _ 

After the load has reached the value P 2 = —OX/\/c 2 , let it be increased 
to zero and again to P\ . This entire process is elastic, the force point going 
from S to V and the set point remaining at Z. Then, let it be again de¬ 
creased to P 2 . This is also elastic, the force point returning to S and the 
set point still remaining at Z. Thus, although the initial applications of the 
loads Pi and P 2 caused some plastic yielding, any further application of 
any load between Pi and P 2 causes only elastic behavior in the truss. 
Under these conditions, we say that the truss shakes down under loads P 
satisfying 

P 2 < P < Pi. (2.5) 

An example of a truss which does not shake down under the given ex¬ 
treme load values is given in Fig. 6. If P is alternately given the values 
Pi and P 2 , corresponding to the equilibrium lines BL and ME , respec¬ 
tively, the force point follows the path OABDEJBDEJ • • • , while the set 



Fig. 4. Graphical representation of elastic and collapse loads. 
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point oscillates along the s 2 -axis between N and S. In each complete cycle, 
bar 1 yields first in tension then in compression, so that after a very few 
cycles bar 1 will break. 

We shall find it convenient to define certain fictitious states of the truss 
under a given load. The actual state is that whose reduced forces are given 
by the coordinates ($i, s 2 ) of the force point. The elastic state is one whose 
reduced forces are the values (si f , s 2 ) which would subsist in the bars if the 
loading process were entirely elastic throughout. That is to say, if the yield 
points were infinite, (si, s 2 e ) would be the forces in the bars under the load 
P. The residual state, ($i r , s 2 r ), is defined as the difference between the 
actual state and the elastic state: 

S! r = Si — S\, s 2 = s 2 — s 2 . (2.6) 

It may be interpreted as the state which would result if the load P were 
removed in such a fashion that the bars remained entirely elastic during 



Fig. 5. Graphical representation of shakedown loads. 
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the unloading process. Note that neither the elastic force point nor the 
residual force point need lie in the yield rectangle. 

Geometrically, the elastic force point is the intersection of the actual 
equilibrium line with the line of compatibility through the origin, while 
the residual force point is the intersection of the actual line of compatibility 
with the equilibrium line through the origin. Thus in Fig. 5, when the load 
first reaches the value Pi, the actual force point is //, the elastic force 
point is I and the residual force point is N. When the load is increased to 
Pi after having been decreased to P 2 , the elastic force point is still /, but 
the actual force point is V and the residual force point is T. This illustrates 
that while the elastic state depends only upon the current load, the actual 
and residual states depend on the entire history of loading. 

In view of the above remark, the totality of elastic states depends only 
upon the mechanical characteristics of the truss, and the extreme loads to 
which it will be subjected, and hence may be regarded as known in any 
problem of design or analysis. The definition of shakedown may now be 
conveniently stated in the following way. A structure will shake down under 
given extreme loads, if eventually the residual state is such that the vector 



Fig. 6. Graphical representation of alternating plasticity. 
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sum of the residual state and any possible elastic state is not outside the 

yield rectangle. In other words, eventually the residual force point (si, s{) 
will be such that 


V\ < + Si e < yi , 

V* ^ S2 r + S2* < ?/2 , 

for all possible (si e , s 2 e ). 

3. The Shakedown Theorem for Trusses, Beams, and Frames 

The definition (2.7) appears to be ambiguous, since the residual stress 
state (si , s 2 ) may depend upon the particular loading program. That the 
definition is not in fact ambiguous is a part of the content of the shakedown 
theorem. 

Let us define a shakedown state as any state (si , $ 2 ), which is in equilib¬ 
rium with zero load, and is such that the inequalities 

V\ < $i + Si < 7/1 , y 2 < s 2 + s 2 e < y 2 (3.1) 

are valid for all elastic states (si e , s 2 e ) obtainable for a load P betw ecu the 
given load limits. 

The shakedown theorem then states that a truss will shake down under 
given load limits if there exists any shakedown state under those limits. Thus 
the investigation of the occurrence of shakedown may be replaced by the 
investigation of the existence of any shakedown state. This latter is inde¬ 
pendent of the loading program, it being necessary merely to determine 
whether or not the system of inequalities (3.1) together with the equilib¬ 
rium equation connecting s x and s 2 with zero load, has a solution. It is not 
necessary to find such a solution, nor to demonstrate that the truss could 
ever actually reach such a residual stress state. 

The shakedown theorem for the truss under consideration was first 

• 3 ^ 

proved by H. Bleich . The present proof is based upon that of Svmonds 
and Prager 28 for a truss of n bars. Let (si, s 2 ) be any shakedown state, i.e., 
any state which satisfies the inequalities (3.1). For any actual state (si, s 2 ), 
the corresponding elastic and residual states, (sf, s 2 c ) and (s/, s 2 r ), respec¬ 
tively, are easily determined. Now define the quantity 

E = (Si - s/) 2 + (S 2 - * r ) 2 . (3-2) 

In geometrical terminology, E is the square of the distance between the 
residual point and the shakedown point. We shall show that this distance 
never increases and hence must approach a limit under any given loading 
program. The residual state corresponding to the limiting value of E is 
therefore a shakedown state and hence the truss shakes down. 

To show that E never increases, we shall need the principle of virtual 
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work. This states that if S\, s 2 and Si", s 2 " are any set of reduced forces 
in equilibrium with a given load P, and if Zi*, Z 2 * are any set of reduced 
elongations corresponding to the same actual elongation, then the work 
done by the forces $/ on the elongations l * is the same as the work done 
by the forces .$»" on the elongations 1*. Thus 


(si" - si') h* + (s 2 " - s 2 ') Z 2 * = 0. (3.3) 

Equation (3.3) is also valid if the elongations are replaced by the elonga¬ 
tion rates. In particular, if the elongation rates are the actual ones, we 
may write 


(si" — si)(si + Xi) + (s 2 // — s 2 ) (s 2 + X 2 ) = 0. (3.4) 


Now, let Si " = Si , s/ = Si r . Since these are both in equilibrium with zero 
load, Eq. (3.4) is valid. In view of Eqs. (2.6), we may write it in the form 


[(«i — Si) si -f- (s 2 — s 2 ) s 2 1 + [(si — si r ) si + (s 2 — s 2 r ) so 6 ] 

4* [(Si — Si) Xi 4- (S 2 — s 2 ) X 2 ] = 0. 


(3.5) 


Further, corresponding to the elastic state (si e , s 2 e ) there will be compatible 
displacements Zi*, l 2 * so that, in view of Eq. (3.3), the second bracket on 
the left-hand side of Eq. (3.5) vanishes. Finally, differentiating Eq. (3.2) 
with respect to time and using Eq. (3.5), we obtain 

E = — 2[(si — Si) Si + ( s 2 — s 2 ) s>T 

/Q p \ 

= 2 [(si — Sl r ) Xi + (s 2 — s 2 ) X 2 ]. 

Consider the first term of the final expression for E (Eq. 3.6). This term 
can be positive only if Sl r > s x and Xi < 0, or if s/ < s x and X x > 0. How¬ 
ever, if Si > si , it follows from (3.1) and (2.6) that 


Si — s/ + si > Si 4 si e > yi. 

Therefore bar 1 is not yielding in compression and Xi cannot be negative. 
A similar argument shows that if Si r < Si , then X x < 0, so that the term 
considered is nonpositive. The same argument is obviously valid for the 
second term in the expression for P, so that E < 0 at all stages of loading, 
which was to be proved. 

The shakedown theorem is easily seen to be valid for a truss of n bars. 

In fact, it is merely necessary to specify all states by an n-tuple of numbers 
instead of a pair 28 . 

Foi a truss of an ideal strain-hardening material, the shakedown theorem 
will still be valid, provided we modify the definition of a shakedown state 18 . 
The force-elongation diagram of an ideal strain-hardening material is of 
the form shown in Fig. 7. It is assumed that the range of elastic loading will 
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be a constant at any point on the force-elongation diagram. Thus the 
possibility of a Bauschinger effect, i.e., a variation of the elastic range with 
repeated loading 1 , is ignored. If, for simplicity, we assume symmetric be¬ 
havior in tension and compression, this range of elastic loading is, of course, 
twice the initial maximum elastic load. 

For the purposes of shakedown analysis, the shape of the curved portions, 
such as AB in Fig. 7, is unimportant. The characteristics of the bar thus 
consist of the compliance c», the maximum elastic, or yield force S”, and 
the fully plastic force Sf. In the event that the curve does not approach 
a horizontal asymptote, this latter may be taken as infinite. 

For such a material, a shakedown state is defined as a set of bar forces 
(Si, S 2 , • • • , S n ) which are in equilibrium with zero load and such that 
when superimposed on any elastic state no plastic flow will result. This 
latter requirement is equivalent to stating that from the shakedown state 
no elastic state can exceed the fully plastic load, and further that the range 
of elastic states will not be greater than the range of elastic loading. 

In the notation of Fig. 7, this second condition states that a necessary 
condition for the existence of a shakedown state is that for any two elastic 
states (S{ C )i and (£,•*)*>, 


\(Si e )i - (S,- c ) 2 | < 2 Si 9 , 

while the first condition is equivalent to 

-Sf < Si + Si 9 < Sf, 


i = 1, 2, • • • , n, (3.7a 


i = 1, 2, 


(3.7b) 


Equations (3.7) may be written more neatly in terms of the maximum 
elastic force S/ and the minimum elastic force Sf. A shakedown state is 


Force 



Fig. 7. Force-elongation relation for ideal strain-hardening material. 
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then defined by the inequalities 

-St p < Si + Si", 

Si + Si' < Si p , (3.8a) 

_ Sf - S/' < 2 Si\ 

i = 1, 2, • • • , n. (3.8b) 

With the definition (3.8), the shakedown theorem is valid in this case, 
namely, that the existence of any shakedown state is sufficient to guarantee 
shakedown. The proof is based upon the fact that each bar in a strain¬ 
hardening truss may be approximated, to any desired degree of accuracj', 
by a parallel-bar truss of several perfectly plastic bars 4 . Since the theorem 
is valid for this latter model, it is also valid for the original strain-hardening 
truss 18 . 

The concept of a model can also be used to extend the theorem to the 
bending of beams. Consider a model consisting of two rods of a strain- 
hardening material, connected by an indefinitely thin web (Fig. 8). By 
choosing suitable stress-strain curves for these rods, the moment-curvature 
diagram of the model can be made the same as that of the given beam 
(Fig. 9). Since each rod yields in simple tension or compression, the theorem 
as previously proved for trusses is applicable, and hence the shakedown 
theorem is valid for beams 18 . A shakedown state of bending moments is 
defined as a bending moment distribution M(s), where s is the distance 
along the beam, which is in equilibrium with zero load and such that the 
superposition of any elastic bending moment distribution will not cause 
any plastic flow. Thus, if M'(s) and M"(s) are the maximum and minimum 
elastic bending moments, respectively, 

M(s ) + M'(s) < M p (s), 

M(s) + M"(s) > —M p (s), (3.9) 

M'(s) - M"(s) < 2 M v (s). 



Fig. 8. Truss model for a beam. 
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Fig. 9. Moment-curvature relation for a beam. 


The theorem is immediately applicable to plane frames loaded in their 
planes under the additional assumption that the axial force at each cross 
section is negligible compared to the bending moment. Most of the recent 
investigations have been concerned with the shakedown of plane frames. 
Since a beam may be considered as a special case of a plane frame, the 
following remarks apply also to beams. 

Let us consider first the case where only concentrated loads are applied, 
and where each span is of piecewise constant cross section. We define a 
“critical section” as a section where one or more of the following occur: 

(1) two or more beams intersect, 

(2) a concentrated load is applied, 

(3) the cross section of a beam changes. 

Obviously the bending moment is linear between any two critical sections, 
while the yield range 2M V and the fully plastic moment M p are constant. It 
follows that if the inequalities (3.9) are satisfied at each critical section 
they will be satisfied at each cross section of the frame. If there are n crit¬ 
ical sections, the functional conditions for a shakedown (3.9) may be re¬ 
placed by the 3 n inequalities 

Mi + Mi < Mi p , 

Mi + M/' > - Mi p , 

Mi - Mi" < 2 Mi. 

If continuous loads are applied, one may define a fourth category of critical 
sections as a section where the bending moment reaches a relative extre¬ 
mum. The exact location of these critical sections will not be known; hence 
Eqs. (3.10) cannot be used. However, a successive-approximations tech- 


(3.10a) 

(3.10b) 
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nique based upon guessed positions of the extreme values of the bending 
moment, can be used, and is found to converge very rapidly 25,26 . 

4. Shakedown of a Plane Frame 

Various methods have been devised for the analysis of the inequalities 
(3.10), and we shall here consider two of the most important ones*. Since 
the details are most clearly seen in relation to an example, we shall illustrate 
them with reference to the simple portal frame previously considered (Fig. 
1). There are four critical sections: the points labeled ^4, B , C, D. The 
moments at these sections are not independent, but must satisfy the 
equilibrium equations 

Ma = -2 H + Mb - M D) Me = y 2 (V + Mb + M d ). (4.1) 

The elastic moments are easily calculated for any values of H and V. The 
maximum and minimum values may be obtained by superposition of the 
appropriate extreme values due to each load acting independently. The 
results are presented in tabular form in Table 1. 

We define the shape factor by 

a = M p /M\ (4.2) 

For a rectangular cross section a = 1.50 while a typical value for an 
I-section is 1.20 21 . For convenience we choose units so that M p = 1; hence, 
taking a = 1.20, M v = 0.833. The inequality (3.10b) then states that each 
of the differences M' - M" tabulated in the last row of Table 1 must be 
less than 2 M v = 1.67. Thus we have immediately, 

X < 1.71. (4.3) 

Inequalities (3.10a) may be solved in a purely mechanical fashion, as 
follows. Let the proposed shakedown moments satisfy Eqs. (4.1) with 


* An alternative graphical method is due to Neal 17 . 
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H =* V = 0 and use the notation 


M d — 2x, M D — 2 y, M a = 2x — 2 y, M c = x + y. (4.4) 


In view of Eqs. (4.4) and Table 1, Eqs. (3.10a) may be written 


2x - 2y + 0.068X < 1, 
2x + 0.636X < 1, 

2x + 2 y + 1.568X < 2, 
2 V < 1 , 


2x - 2y - 0.909X > -1, 

2x - 0.273X > -1, 

(4.5) 

2x + 2 y > -2, 


2 y - 0.796X > -1. 


Inequalities (4.5) may each be solved for 2.t. The inequalities on the left in 

(4.5) will each give an upper bound for x in terms of y and X; those on the 
right give a lower bound. Since we are not concerned with the particular 
value of x, we require only that each upper bound be less than each lower 
bound. Those of the resulting inequalities which are not automatically 
guaranteed by (4.3) may be written 


-6 + 1.272X <4 y < 6 - 3.682X, 

-4 + 0.682X < Ay < A - 3.090X, 

-3 + 0.068X < Ay < 3 - 2.477X, 

-2 + 1.592X < Ay < 2. 



A necessary and sufficient condition that there exist a y satisfying all of 

(4.6) is that each left-hand side be less than each right-hand side. All of 
the resulting sixteen inequalities involving X are seen to be satisfied if 

X < 1.23. (4.7) 

Since (4.3) is also satisfied by such a X, 

X = 1.23 (4.8) 


is the largest value for which the frame will shake down. 

It is of some interest to compare the shakedown load factor with the 
other load factors discussed previously. The elastic load factor X* is the 
largest value for which the moments are everywhere elastic, i.e., for which 

max [| Mi | , | Mi' |] < M v = 0.833. 

% 

From Table 1 we obtain immediately, 


X c = 0.92. 


(4.9) 
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Finally the collapse load factor is easily found by the Symonds-Neal 
method 26 : 


\ c = 1.25. 


(4.10) 


For the present example, it is seen that much greater loads are permitted if 
some plastic flow can be allowed. On the other hand, the shakedown load 
factor is only slightly smaller than the collapse load factor, so that the 
comparatively simple analysis leading to X c would give a reasonable ap¬ 
proximation to the shakedown factor X a . The conditions under which this 
last fact is true, as well as the determination of a reasonable upper bound 
of the ratio X c /X 3 , is one of the problems under current investigation in the 
held of limit and shakedown analysis 26 . 

The preceding method of solving the linear inequalities is essentially due 
to Dines 1 ; it was first applied to frame problems by Neal and Symonds 19 . 
It is a simple method to formulate, and various techniques may be used to 
shorten the computations. However, for a complex problem, the labor in¬ 
volved becomes almost prohibitive, although there is some possibility that 
the method could be adapted to machine computations. 

A more direct method is due to Symonds and Neal 26 , and is based upon 
an insight into the nature of failure by violation of Eqs. (3.10b). To obtain 
this insight let us investigate a loading program in which // is first brought 
up to its full value and is held there while V alternates between zero and 
its maximum value. For simplicity in carrying out this computation, we 
take an idealized section of a perfectly plastic material with a = 1. Thus 
each section is elastic if |A/| < 1. If \M\ = 1, the section rotates freely and 
we say that there is a yield hinge 1 *. The results of such a computation are 
presented in Table 2 for the first two complete C 3 r cles of V. The loading is 
broken down into stages characterized by the sections which are yielding 
plastically. Hinges A and D always yield under negative moment, hinge C 
under positive. The two right-hand columns give a measure of the hori¬ 
zontal displacement of B, 5 being proportional to the increment of displace¬ 
ment at B during the stage in question and 25 proportional to the cumu¬ 
lative displacement. 

.4s the analysis is carried out through further cycles, the same qualitative 
behavior is observed. With each increase in V, hinges form at D and C and 
25 increases. With each decrease in V a hinge forms at A and 25 decreases 
less than the previous increase. The net effect of several cycles then, is that 
finite rotations occur at each of A, C, and D , so that the frame deforms 
as in Fig. 10(c). Similar results have been obtained experimentally 27 . 

We now observe that the “collapse-mode” picture in Fig. 10(c) is one 
which could be obtained, to first order terms, if each of the bars were rigid 
and there were perfect hinges at A, C, and D. Any arrangement of hinges 
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Table 2 


Stage 

27 

V 

Hinges 

-Ma 

m b 

M C 

-M d 

8 

2 8 

la 

1.10 

0 

None 

1.00 

0.70 

0.10 

0.50 

5.20 

5.20 

lb 

1.24 

0 

A 

1.00 

0.84 

0.10 

0.64 

1.68 

6.88 

2a 

1.24 

2.11 

None 

0.93 

0.55 

0.83 

1.00 



2b 

1.24 

2.48 

D 

0.96 

0.52 

1.00 

1.00 

0.96 

7.84 

3a 

1.24 

1.38 

None 

1.00 

0.67 

0.62 

0.81 

-0.28 

7.56 

3b 

1.24 

0 

A 

1.00 

0.87 

0.13 

0.81 

-0.14 

7.42 

4a 


2.31 

None 

m 

0.56 





4b 


2.45 

D 

ms 

0.54 





4c 

1.24 

2.48 

C, D 

0.95 

0.53 

% WL 


0.96 

8.38 

5a 



None 

1.00 

0.74 

0.46 

0.74 


7.94 

5b 



1 

1.00 

0.88 

0.14 

0.60 


7.98 



Fig. 10. Collapse modes of frame in Fig. 1. 


which permits of such a motion is termed a mechanism. Now, if there are to 
be yield hinges at A, C, and D during the loading cycle, the residual mo¬ 
ments must be such that the appropriate Eq. (3.10a) is an actual equality 
for the extreme elastic bending moment. Thus, 

M a + M a " = M a - 0.909X = -1, 

M c + M c ' = M c + 0.784X = +1, (4.11) 

M d + M d " = M d - 0.79GX = -1. 

The mechanism motion is entirely specified by the rotation 0 at A. If 

this motion is regarded as a virtual displacement, the virtual work done by 
the residual moments upon this virtual displacement will be zero, since the 
residual moments are in equilibrium with zero load. Thus, solving Eqs. 
(4.11) for M a , M b , and M c , we have 

8W = XMidi = (-1 + O.9O9X)(-0) + (1 - O.784X)(20) 

+ (-1 + 0.796X)(—20) = 0. (4.12) 
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(The sign of the rotation 6 must be chosen so that a positive moment causes 
a positive rotation). Solving Eq. (4.12) for X, we again obtain Eq. (4.8). 

If we had not already solved the inequalities (3.10a), the question would 
arise as to the possibility of the frame failing in a different mode for a lower 
value of X. This question cannot be answered a priori, but since there are 
only a finite number of collapse modes, it is not difficult to compute a value 
of X corresponding to each. In the present example, the collapse-mode 
picture in Fig. 10(a) leads to X = 1.52, and that in Fig. 10(b) to X = 1.28. 
For a complex frame, various techniques may be formulated which reduce 
the number of collapse modes to be considered 25,26 . 

5. Shakedown in Continuous Media 

The main part of this paper has been devoted to the shakedown of trusses, 
beams, and frames because most of the results available at the present time 



Fig. 11. Thick tube under excess internal pressure. 

are concerned with these structures. The basic shakedown theorem, how¬ 
ever, is valid for any perfectly plastic material. 

Before considering the general case, let us discuss a simple example in 
which only one load component is applied; namely, a thick-walled tube 
under internal pressure (Fig. 11). The material is assumed to be incom¬ 
pressible and perfectly plastic, and to be in a state of plane strain. The 
complete solution for the initial loading is well known (ref. 23, Chap. 4)f. 
In particular, the loads p* at which the inner boundary of the tube first 

becomes plastic, and p** at which the entire tube becomes plastic are given 
by 

p* = *(i - a 2 /6 2 ), p** = 2k log b/a , (5.1) 

where 7c is the yield stress in pure shear. If the tube is loaded to a pressure 
Pi and then unloaded, the unloading process will be elastic until the cir- 

t See also ref. 8 for a compressible material and ref. 11 for a comparison of differ¬ 
ent materials. 
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cumferential stress at the inner radius has been reduced to .zero and then 
compressed to the yield value. Therefore, the entire loading process is 
elastic provided pi is less than twice the maximum elastic load p*. On the 
other hand, p x must certainly be less than the fully plastic load p**, or the 
tube would burst. Therefore, the shakedown load is 

p s = min[2p*, p**]. (5.2) 

In Fig. 12 we have plotted the shakedown load as a function of the ratio 
b/a. 

More generally, if the pressure is allowed to vary between maximum and 
minimum values p' and p", respectively, we will have shakedown if and 
only if 

- p ** < p" < p' < p**, (5.3a) 

p' - p" < 2p*. (5.3b) 

The shakedown conditions for a bar in torsion (ref. 9, sec. 18), and for a 
thick-walled sphere (ref. 23, p. 121, prob. 1) may be expressed in similar 
fashion. 

For the preceding example, it was possible to solve the problem directly, 
since there was only one independent load component. In problems in¬ 
volving more than one independent load, however, this cannot, in general, 
be done. In such cases, the shakedown theorem may be of value in deter¬ 
mining whether or not shakedown occurs. 

The shakedown theorem has been proved, to date, for a Prandtl-Reuss 
material, although it may be valid for other perfectly plastic materials 
and for strain-hardening materials. A general three-dimensional state of 



6 
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stress is characterized by six functions representing the state of stress. 
The actual state of stress must satisfy the equilibrium equations and the 
Prandtl-Reuss stress-strain laws. Under the same loads we define an elastic 
state of stress as one satisfying equilibrium and the generalized Hooke’s 
law. As before, the residual state of stress is the difference between these. 
Finally, a shakedown state of stress is any state of stress which is in equi¬ 
librium with zero loads and such that the superposition of any obtainable 
elastic state of stress results in only elastic behavior. 

As before, the shakedown theorem then states that if there exists any 
shakedown state, shakedown will occur. This was first proved by Melan 16 . 
A simpler proof due to Symonds 24 is based on a generalization of the proof 
given in Section 2 for a two-bar truss. A necessary condition for shakedown, 
analogous to Eqs. (3.10b), was pointed out by Hodge 10 . 

Symonds 24 also gives an application of the theorem to the combined 
tension and torsion of a solid circular cylinder. However, even in this 
simple case the analysis is quite laborious, and can be completed in closed 
form only for certain restricted loading conditions. It would appear, there¬ 
fore, that although the general theory of shakedown is known, there are 
as yet almost no applications outside of one-parameter problems and plane- 
frame problems. 


6. Conclusions 

In the preceding sections we have been concerned with conditions under 
which an elastic-plastic body will eventually shake down to purely elastic 
behavior after a finite amount of plastic straining. Investigations in this 
field have been along two lines—establishment of basic theory and develop¬ 
ment of technique. The essential part of the theory is the shakedown 
theorem which says, in effect, that if there exists any state of residual 
stress, such that if these were the actual residual stresses no further plastic 
yielding would take place, then the body actually will shake down to some 
such residual state. This theorem has been proved for trusses, beams, and 
frames of ideal strain-hardening material, and for general three-dimensional 
bodies of a Prandtl-Reuss material. The investigations of technique have 
been primarily concerned with trusses, beams, and frames, and various 
practical methods of solution are available. The only application to a 
more general state of stress does not appear to be conclusive. 

It should be emphasized that shakedown analysis is not the proper 
approach for all problems. Wherever deformations are the limiting factor 
in design, elastic methods will be preferred, while for structures whose 
extreme loads will be applied only once or twice, plastic-collapse methods 
will be satisfactory. Further, it should be pointed out that the plastic- 
collapse techniques are much simpler to apply than a shakedown analysis. 
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Thus, it may well be that even in cases where a shakedown analysis is 
appropriate, a collapse analysis, together with the assignment of an em¬ 
pirical safety factor, will be more practical. 

Finally, some remarks are in order as to the relation of the ideal situations 
here considered to real situations. Any attempt to find a mathematical 
solution to a physical problem must begin by making suitable idealizations. 
The most important ones we have made here are the neglect of buckling, 
rupture, Bauschinger effect, and, in the general case, strain hardening. 
The effect of all these phenomena except the last is generally to lower the 
safe load. Thus the load limits found by shakedown methods are apt to be 
slightly higher than the actual limits. To the extent that these phenomena 
are difficult to analyze theoretically, it will be necessary to obtain experi¬ 
mental information concerhing the error introduced by approximating the 
true safe load by the shakedown load. Comparatively little has been done 
in this connection to date 27 . Once such experimental evidence is available, 
the shakedown load may be used, where appropriate, as a basis of design 
by the assignment of a suitable safety factor. 
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The Inclusion of Initial Residual Stresses in 
Hodge’s Elementary Example and a 

Numerical Illustration 


Suppose that initially the “reduced forces” in the members 1 and 2 of the 
“truss” shown in Hodge’s Fig. 2(a) are Sio and S 20 , corresponding to P 
= 0. Then Hodge’s equation (2.2b) becomes 

S 10 Xi) = *\/c 2 (S 2 — $20 d - X 2 ), (a) 


where Xi and X> are the “reduced permanent elongations” measured from 
the initial state, characterized by P = 0. If we denote the differences 
Si — Sio by s/*, Hodge’s equation of equilibrium (2.2a) becomes 





since Sio/\Zcl + s 2 0 /\Z~c 2 = 0, and the equation (a) of the line of com¬ 
patibility becomes 


V Ci (si + Xi) — ■\/c 2 (s 2 / + X 2 ). 



The boundaries of the yield rectangle are given by 

Si = 2/1 — Sio , 5i' = Vl ~ Sio , S 2 = 2/2 — S 20 , 



The above results may be interpreted in terms of the graphical represent¬ 
ation of Hodge’s Fig. 3. The change from variables $,• to s/ corresponds 
simply to a translation of axes. Therefore, if s, 0 are the initial residual 
stresses, we can use the same yield rectangle and merely shift the origin of 
co-ordinates to the point $i 0 , S 20 • This is illustrated in Fig. A, where the 
original (s.) axes are indicated by dotted lines, and the final (s/) axes by 
solid lines. 

With these modifications the procedure for analysis is exactly the same 
as before. Let us apply it to a numerical case, in which the lengths of the 
members are 1G in., their cross-sectional areas are A\ = sq. in. and 
Ao = 30 sq. in., the modulus of elasticity of the material is 30,000,000 lb. 
per sq. in., and the initial stress in member 1 is 50,000 lb. per sq. in. Let 


* Not to be confused with Hodge’s s»\ 
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the yield points in tension and in compression of the material of member 
1 be 50,000 lb. per sq. in. and of member 2 be 40,000 lb. per sq. in. Then 


^ ]/ 10-301 


16 


30000000 2500 ’ 


V^2= 


16 


Sio = 50000 


10 1 


200 


3 2500 


y i 


= -yi = 50000 


10 


$20 


200 


30000000 
200 


7500 * 


" "i/f 810 - " 


9 


3 2500 


2/2 


= -y 2 = 40000-30 


1 


7500 


= 160 


The equation of equilibrium is 


2500*1' + 7500s/ = P, 


and the line of compatibility is given by 


3(s/ + Xi) = S 2 7 + X 2 
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The boundaries of the yield rectangle are given by 



The yield rectangle is represented in Fig. B. The equilibrium line and the 
hue of compatibility are shown for the initial conditions (P = Xj = X 2 
= 0) as F 0 O and F 0 A, respectively, through the origin F 0 . The stress-strain 
relations are shown in Fig. C, the solid lines for bar 1 and the dotted lines 
for bar 2. The initial condition for bar 1 is represented by some point at 
<rio = 50,000 lb. per sq. in. on the tensile yield line for material 1, just where 



Fig. B 
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depending on the permanent elongation that may have been given the bar 
in arriving at its “initial” condition. The initial condition for bar 2 is 
represented by the point at a 2 o = —5560 lb. per sq. in. on the modulus 
line for material 2, obtained from the condition of equilibrium, 

cr 1^4.1 T" (72 A 2 = P 

with P = 0. 

In the yield rectangle, as the load, P, is increased, the equilibrium line 
moves upward parallel to itself until it reaches the extreme position Fd 
through the upper corner Fi of the rectangle, the line of compatibility 
moving parallel to itself to FiGi . The force point is now at Fi and the set 
point at Gi . During the application of the load the force in bar 1 does not 
change, but the reduced force in bar 2 increases by the amount F 0 Fi = 182 
(lb. in.) 1/2 . The load on the truss is now Pi = PoPi/V^ = 182*7500 = 
1,370,000 lb. Bar 2 has suffered no permanent elongation, but bar 1 has 
undergone a reduced permanent elongation — F 0 Gi = Xi = 60.7 (in. lb.) 1/2 . 
The permanent elongation then is Ai = Ai\/ci = 60.7/2500 = .0243 in. 
During this increase in the load P, in the stress-strain diagram the stress in 
bar 2 increases from a 20 to cr 2 i = 40,000 lb. per sq. in., and the point repre¬ 
senting conditions for bar 1 moves to the right along the yield line to a 
position at a n * such that the strain a^aTi is equal to the vertical projection 
of , that is, equal to 45600/30000000 = .00152 (the changes in strain 
in the two bars always being equal to each other). 

* <r is used to denote a point as well as a stress but no confusion will arise. 
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If P were a gravity load and the material were perfectly plastic, the bars 
would stretch indefinitely under the maximum load of 1,370,000 lb.; if the 
material strain hardened,* the bars would stretch until strain-hardening 
set inf. In either case the equilibrium line and the line of compatibility in 
the yield rectangle would remain at Fil and F\G\ (until possible strain - 
haidening began), but the set point would move along the line of com¬ 
patibility in the direction F 1 G 1 . In the stress-strain diagram the points vu 
and C 21 would move to the right along their respective yield lines. 

Suppose that P is a gravity load and the bars are stretched .012 in. 
beyond their length when the load first reaches 1,370,000 lb. The increase 
in Xi is .012-2500 = 30 and in X 2 , .012-7500 = 90. The set point in the 
yield rectangle moves from G x to G 2 (Fig. B) with coordinates (-90.7, -90). 
The corresponding increase in strain is represented by WFBT 2 = 0^22 = 
.012/16 = .00075 in the stress-strain diagram. 

Now let P be decreased. The equilibrium line moves from its position 
Fil downward parallel to itself. When it reaches the position F 0 0, the load 
is zero, and the residual stresses are determined by the force point F b . 
The coordinates of F z are s/ = -54.7, s 2 ' = 18.2, and therefore Si = -54.7 
+ 66.7 = 12 (lb. in.) 1/2 , s 2 = 18.2 — 22.2 = —4 (lb. in.) 1/2 . From these 
values the residual stresses are found as <r lz = 12-2500/3.33 = 9000 lb. per 
sq. in., (t 2 3 = -4-7500/30 = —1000 lb. per sq. in. The loading that has 
been applied has reduced the residual stress in bar 1 from its initial value 
of 50,000 lb. per sq. in. to 9000 lb. per sq. in. and has increased (reduced in 
absolute value) the residual stress in bar 2 from —5560 lb. per sq. in. to 
— 1000 lb. per sq. in. 

As the load P is further decreased, that is, compression applied, the line 
of compatibility F 1 G 1 and the set point G 2 remain stationary until the 
equilibrium line reaches the position F 4 4. The load at this stage is P 4 
= —FoA/\/c 2 = -173-7500 = —1,300,000 lb. The stresses are <t\ 4 
= —30,000 lb. per sq. in., <j 24 = —40,000 lb. per sq. in. (Fig. C). Increasing 
compression brings the equilibrium line finally to F b 5 and the line of 
compatibility to F b G b , on which G b is the set point, vertically above G 2 . 
The load is P B = -F 0 5/Vc 2 = -182-7500 = -1,370,000 lb. The co¬ 
ordinates of G b are — Xi = —90.7, — X 2 = —10.7, so that the permanent 
elongations introduced into the bars by all the loadings applied up to this 
point since the initial condition are for bar 1, Ai = 90.7/2500 = .0363 in., 
and for bar 2, A 2 = 10.7/7500 = .00143 in. 

If the load is now increased (reversed) the equilibrium line moves upward 
parallel to itself, finally arriving at the position F e 6. The set point remains 
at G b . Further increase in load would cause plastic flow in bar 2. The loads 

* Hodge’s Reference 28. 

f It may be pointed out that if the initial strain in bar 1, represented by the point 
<no in Fig. C, is large, strain-hardening may begin with a small increment of strain. 
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corresponding to the force points F& and Pe are evidently a set of shakedown 
loads. P 6 = F 06 /VC 2 = 173-7500 = 1,300,000 lb., so that the set consists 
of the maximum load of 1,300,000 lb. and the minimum load of —1,370,000 
lb. Another set of shakedown loads is represented by the force points Pi 
and P 4 , corresponding to the set of shakedown loads, 1,370,000 lb. and 
-1,300,000 lb. 

The illustration probably represents the physical picture rather ac¬ 
curately until the condition characterized by the stresses 0-13 and 023 is 
reached. It must be remembered that thereafter neglect of the Bauschinger 
effect may cause serious inaccuracies. 


Ed. 




Microstresses Originated by Gas Inclusions 


N. J. PETCH 


Editorial Abstract 

The author points out the several ways in which gas can he pro¬ 
duced in a metal, both by formation during solidification and by 
precipitation and internal reaction after solidification. Stresses 
due to internal reaction can he of considerable magnitude and can 
be calculated from thermodynamic data. 

Gas can also precipitate from solid solution in the metal and 
result in high internal pressures. This subject lias been widely 
discussed in the case of hydrogen embrittlement of steel. The 
author takes issue with some of the current theories and presents 
his own theory of this embrittling phenomenon. 

Ilis picture is similar to that which has been developed for the 
delayed fracture of glass under static loading in air. In steel the 
fracture stress is lowered by the diffusion of hydrogen to the 
cracks of the Griffith type and its adsorption on the crack surface. 

This theory predicts a dependence of the hydrogen embrittle¬ 
ment on strain rate, and experimental evidence is presented. Ex¬ 
periments by others are also cited. Thus the theory does not place 
the cause of hydrogen embrittlement upon the production of 
microstresses. 

On the other hand, the author points out that blisters or cracks, 
as distinct from embrittlement, can be caused by hydrogen pre¬ 
cipitation in steel as the result of very high pressures in internal 
cavities. He inclines to the belief, however, that very fine hair-line 
cracks or weld cracking are due to the embrittlement phenomenon 
combined with stresses due to differential cooling or transforma¬ 
tion rather than merely to hydrogen pressure. 

When a metal is freed from external load, there may remain residual 
stresses due to gas inclusions. These may arise during solidification, or 
they may be produced afterwards by precipitation or by internal reactions 
that have gaseous products. The microstresses so formed have been sug¬ 
gested as the cause of a number of important effects observed in metals, 
and the present purpose is to examine the validity of these suggestions. 

193 



194 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 


Solidification and Reaction Gases 

Gas inclusions formed during solidification do, of course, affect mechani¬ 
cal properties, but the residual stresses are small, unless the pressure is 
increased by some process subsequent to solidification. 

Reaction gases have greater potentialities. A reaction with gaseous prod¬ 
ucts can take place inside a solid if there is sufficient energy for nucleation, 
or if there can be nucleation by preexisting cavities. Steam inclusions 
formed in oxygen-bearing copper or silver on annealing in hydrogen are 
examples. The internal stresses set up in these cases are sufficient to pro¬ 
duce severe Assuring and embrittlement. The Assuring of steels used at 
200°-500°C. in chemical plants for high-pressure hydrogen reactions is 
probably connected with the generation of methane inclusions, although 
these are not the sole cause, for fissures are only observed in parts of the 
reaction vessels that carry the structural stresses and not, for example, 
in plates that are free inside the vessel (Inglis and Andrews 1 ). Fissures in 
steel due to methane inclusions may also arise under certain conditions of 
caustic attack (Adcock 2 ). 

Thus, there are cases in which the stresses due to internal reactions have 
a detrimental effect on mechanical properties. 

The magnitude of the stresses depends upon the equilibrium of the re¬ 
action involved. Thus, with methane, the equilibrium stress will decrease 
as the temperature increases. It has been suggested that reduction of FeO 
by hydrogen 3 may be of significance in steels, but the equilibrium constants 
in Table 1 show that this reaction gives little help in the generation of 
stress. The constants for the reduction of CU 2 O are given for contrast. 

Precipitated Gases 

If a solid is saturated with a gas at one temperature and pressure, and 
then the temperature is lowered, there will be precipitation into any in¬ 
ternal free space until a new equilibrium pressure is established. Secondly, 
if a gas dissolves at an external surface, there will be precipitation at any 


Table 1. Equilibrium Constants for the Reduction of FeO and C112O by H2 

(Calculated from free-energy data given by Chipman and Murphy 4 and the 

International Critical Tables) 


Temperature (°C.) 

k = (Pressure of HiO)/(Pressure of Hi) 

FeO 

CuiO 

300 

0.09 

1.4 X 10 8 


0.25 

1.9 X 10® 


0.42 

1.2 X 10® 

1100 

0.72 

1.3 X 10 4 
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internal surface until an equilibrium pressure is established. These mecha¬ 
nisms present the possibility of generating gas inclusions in which the 
pressure may be very high, and they have been extensively discussed, 
mainly in connection with hydrogen in iron. The discussion has centered 
around hydrogen embrittlement, shatter cracks, hair-line cracks or flakes 
and hard-zone cracking in welds, all of which are influenced by the pres¬ 
ence of hydrogen. 

It is proposed to discuss hydrogen embrittlement in some detail. 

Hydrogen Embrittlement 

It is widely held that this effect is due to the microstresses around hy¬ 
drogen inclusions. This idea was developed by Bardenlieuer 5 from the work 
of Luckemeyer-Hasse and Schenck 6 , and has been notably supported by 
Zapffe and co-workers 7 . There is no question here of the extensive Assuring 
observed in the cases of h} r drogen embrittlement involving internal gas 
reactions. However, it is suggested that hydrogen causes the embrittle¬ 
ment by its presence under high pressure in submicroscopic inclusions, 
because of the triaxiality of the stress system at these inclusions and the 
strain-hardening around them. 

The present author feels that there are uncertainties about this explana¬ 
tion. 

It is clear that the increased stress at a gas inclusion might cause initia¬ 
tion of fracture there, but hydrogen embrittlement requires the fracture 
to be of a particular kind, for the embrittlement does not merely involve 
reduced strain at breaking, but also a change in mechanism to cleavage or 
intercrystalline fracture. Unless it is sought to explain this by a particular 
concentration of gas inclusions along the cleavage planes or grain boun¬ 
daries, the gas-inclusion theory would require, on the Ludwik-Davidenkov 
idea of fracture 9 , that the yield stress at the inclusions be raised to the 
brittle strength for cleavage or intercrystalline fracture. The following 
considerations are then relevant. 

(1) The triaxial stress at the inclusions would have to be a triaxial ten¬ 
sion, whereas a radial compression would be expected from the internal 
pressure, and this would lower, not raise, the yield stress. 

(2) Strain-hardening raises the yield strength, but also raises the brittle 
strength, and there is no experience with steel under uniaxial load of their 
meeting at room temperature as a result of strain-hardening. Any strain¬ 
hardening effect would persist, if the hydrogen were removed below the 
recovery temperature, yet embrittlement disappears. Also, the bulk stress- 
strain curve shows only slight, if any, strain-hardening due to hydrogen. 

On the basis of these two points it is felt that a more adequate explana¬ 
tion is necessary of the mechanism by which the microstress system could 
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produce the characteristics of hydrogen-embrittled fracture. There are 
two other points. 

(3) The inclusion pressure that can be created is not as certain as is 
often supposed. The assumption that Sieverts* law can be applied up to 
very high pressures is open to doubt, and it is probable that the escape of 
hydrogen into cavities at the temperatures of interest may be hindered by 
adsorption effects 8 . 

(4) The usual statement of the theory assumes the existence of an ex¬ 
tensive cavity system associated with the mosaic structure, and that these 
cavities are sufficiently spacious that hydrogen can become molecular in 
them; this is hard to reconcile with the generally accepted structure of 
metals. 

What alternative is there to the inclusion-stress theory? The most 
obvious is that the brittle strength is lowered by hydrogen. To see how 
this might occur, it is useful to consider the fracture of glass. 

Delayed Fracture in Hydrogenated Iron 

The well-known fact that glass shows delayed fracture under static 
loading in air, but not in vacuum, has been explained by Orowan 10 as 
arising from gas adsorption on the Griffith crack surface. 

If S a and S c are the energies of the adsorbed and clean surfaces respec¬ 
tively, E is Young’s modulus, and the glass contains a Griffith crack of 
width 2c, which has adsorbed gas on its surface, the fracture stress for 
rapid loading will be given by the Griffith relationship, 

_ (2ES C V 

\ 7TC / 

S c is involved because the new surface produced is clean. 

If adsorbed gas could cover the new surface as it formed, the fracture 
stress would be the lower value a a given with S a in the above relationship. 

When the glass is loaded to a stress above a a but below a c , the crack 
will be unstable and will gradually extend at a rate controlled by the supply 
of gas for adsorption on the new surface produced. This gradual extension 
will be replaced by sudden fracture when the crack has grown to such an 
extent that the applied stress can propagate a clean surface, the condition 
for this being given, of course, by the Griffith equation. Thus dela} r ed frac¬ 
ture can occur. Under rapid loading, fracture will take place at a c because 
there is no time for crack extension, but, if time is allowed, the fracture 
stress can come down to cr 0 . It cannot be lower, because there is then no 
tendency for the crack to extend under stress. In vacuum, since there is 
no supply of gas for adsorption, the delay phenomenon cannot occur. 

In the case of hydrogen embrittlement, reduction of the brittle strength 
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could be due simply to a reduction of the surface energy of the bulk ma¬ 
terial by the presence of hydrogen in solution, but the small quantity 
necessary suggests that some concentration mechanism operates. This 
could be surface adsorption. The present author considers that hydrogen 
embrittlement may be similar to the effect of air upon glass, and so due to 
lowering the energy of the surface of the Griffith cracks by hydrogen ad¬ 
sorption. In this way the fracture stress could be reduced to the <j a value of 
the above discussion, provided the time-dependent extension of the Griffith 
cracks under stress can take place. 

There would be one difference from the glass embrittlement; with the 
latter only surface cracks are involved, whereas with li 3 r drogen in solution, 
internal cracks could be reached. 

The interesting feature of this theory of hydrogen embrittlement is 
that it predicts a delay in the development of the embrittlement, although 
because of the mobility of hydrogen, the delay might be quite short. 

This prediction has been examined experimental^ in collaboration with 
P. Stables. There is already some evidence suggesting the existence of such 
a delay. Impact tests tend to show little influence by hydrogen, but the 
interpretation of such tests is not alwa 3 ’s free from complication. Ad¬ 
ditionally, Seabrook, Grant and Carney 11 have reported a decrease in the 
amount of embrittlement when the strain rate is increased to 5 to 8 per 
min. Since our own work was commenced, a very recent paper by Bastien 
and Azou 12 has also reported a dependence on strain rate. In our own ex¬ 
periments, hydrogenated iron was fractured (a) very rapid ty by a falling 
weight, and (b) in a tensile machine, during a test occup 3 dng a few min¬ 
utes. Table 2 gives typical results obtained with cold-drawn steel wire, 
tempered at 675°C. and electrolytically charged with hydrogen. 

It is apparent that there is in fact a delay in the development of embrittle¬ 
ment, and that this can be completely suppressed by sufficient^ rapid load¬ 
ing. With higher hydrogen contents and longer wires some embrittlement 
was observed even when fracture was by the falling weight. 

Preliminary work on the temperature dependence of the delay suggests 
agreement with control by Iwdrogen diffusion. 

Since this theory is concerned with the new surface produced by extension 
of the original Griffith cracks, it is independent of the actual physical 


Table 2. Influence of Rate of Loading on Hydrogen Embrittlement 


Condition 

Test 

Reduction of Area (%) 

Hydrogen-charged 

Tensile machine 

27.1 

Hydrogen-free 

Tensile machine 

61.5 

Hydrogen-charged 

Falling weight 

60.5 

Hydrogen-free 

Falling weight 

60.5 
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nature of these cracks, which may possibly be inclusions or other structural 
imperfections such as accumulations of blocked dislocations. 

It is also of interest to notice that the process of extension of the Griffith 
cracks will be aided by a positive tendency for the hydrogen to migrate 
into the regions of stress concentration produced at the cracks. The driving 
force will be the possiblity of relief of the elastic strain energy, as in the 
migration of carbon to a dislocation. The hydrogen will tend to migrate 
also to the stress concentration along the grain boundaries and because of 
this effect an intercrystalline path may be favored by the fracture. 

Cracking Due to Precipitated Hydrogen 

The possibility that hydrogen inclusions can produce cracks in steel is 
related to, but not identical with, the possibility of producing embrittle¬ 
ment. Cracking depends upon two factors: the mechanical properties of 
the material and the stress system to which it is subjected. Hydrogen 
embrittlement will contribute by affecting the mechanical properties, and, 
although the author does not think that this is due to the microstress 
system produced by hydrogen inclusions, any such stress will contribute to 
the total stress tending to cause cracking. 

One instance of cracking in which hydrogen inclusions can generate the 
total stress is the surface blistering of steels produced by cathodic charging 
with hydrogen. It is quite possible that here the accumulation of molecu¬ 
lar hydrogen is in quite commonplace cavities, for example those associated 
with inclusion streaks that are cracked or have cracked away from the 
matrix. 

Flakes or hair-line cracks and welding cracks form under conditions in 
which, in addition to stresses due to any hydrogen inclusions, stresses 
may be generated by differential cooling, transformations and local dif¬ 
ferences in transformation due to segregation. There has been a lot of work 
on these forms of cracking, for instance in notable papers by Andrew and 
co-workers 13 and by Sykes, Burton and Clegg 8 , and there is disagreement 
on whether hydrogen inclusions can supply all the necessary stress, but, as 
strong evidence against this possibility, there is the observation on the 
small scale that large quantities of hydrogen can be charged into stress-free 
steel without internal cracking, and also 8 , with actual large billets, hydrogen 
content up to 10 cc. per 100 gm., can be tolerated without cracking, pro¬ 
vided all other sources of stress are eliminated. 

An interesting case in the nonferrous field has been fully examined by 
Eborall and Ransley 14 . They show that difficulties in the welding of alumi¬ 
num-7 % Mg alloys are due to reaction of the magnesium with water vapor 
producing hydrogen that passes into the metal. With contents greater 
than about 1 cc. per 100 gm. (for which the equilibrium pressure is about 
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400 atmospheres at 500°C.), the stress that can be set up by precipitation 
at internal surfaces is sufficient to produce blistering in the liquidus-solidus 
range, but does not cause damage in sound metal at lower temperatures. 

Conclusions 

(1) The magnitude of the stresses due to gas inclusions generated by 
internal reaction can be sufficient to modify considerably the mechanical 
properties. The magnitude depends upon the reaction equilibrium. 

(2) The magnitude of the stresses due to gas inclusions generated by 
precipitation can be potentially large, but the simple prediction of these 
stresses must be treated with reserve. 

(3) In the notable case of hydrogen embrittlement of steel, it is sug¬ 
gested that the stresses due to gas inclusions are not responsible but that 
the effect arises from a lowering of surface energy by adsorbed hydrogen. 

(4) There are instances of cracking in which gas inclusions supply the 
total stress, but this not so in the case of hair-line, and weld, cracking. 
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The Effect of Residual Stresses on High- 

Speed Impact Resistance 


J. MIKLOWITZ 


Abstract 

The extended literature survey made in the preparation of this 
paper points out the great need for experimental work in this sub¬ 
ject. The information in the small amount of direct literature 
does not warrant drawing a conclusion now' on superposition of 
residual and load stresses under high rates of loading. 

In the absence of more direct information, the related litera¬ 
ture on static loading and fatigue was searched for whatever guid¬ 
ing information it contained. Support was found for some degree 
of superposition of residual and working stresses, w hen plastic flow 
was severely inhibited. Superposition of stresses was strongly sup¬ 
ported when the material tested contained a notch and was sub¬ 
jected to low r temperatures. Since it is believed that low-tempera- 
turc embrittling effects can be simulated by high speed of loading, 
it is pointed out that it may be important to investigate the role 
played by “notch-brittleness speed of loading” in the subject at 
hand. 

Recent research tends to support the importance of this loading- 
speed brittleness criterion and the possibility that residual stress 
has an influence on it, particularly in the important welding ma¬ 
terial, mild steel. Latent brittleness, delayed yielding, and the 
speed effect on the yield point of mild steel are pointed out as 
items that may play a role in determining whether residual and 
dynamic stresses superpose. 4t is suggested that in a mild steel 
weldment, under the simultaneous action of several embrittlers 
and subjected to impact, damage could result more easily through 
the superposition of elastic waves and residual stresses. 

Introduction 

It is well recognized that today many types of structures must meet the 
additional requirement of satisfactory performance under high rates of 
loading. Since welded structures continue to play their important role, it 
becomes important to know if the residual stresses contained in them have 
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an effect on their ability to withstand shock-type loadings. The extensive 
literature survey made in the preparation of this paper uncovered very 
little experimental data directly on this subject. Perhaps this is due to the 
fact that good structural performance under shock loading is a rather new 
requirement. This is pointed out by Week 1 , for instance, in his statement 
that during World War II, for the first time in history, entire welded struc¬ 
tures, such as ships, buildings and tanks, were subjected to devastating 
shock waves. That more work was not done on the present subject since 
the war may stem from the facts also brought out by Week that, (1) these 
welded war structures showed good performance with respect to absorption 
of energy, and (2) initial experimental work showed no appreciable in¬ 
fluence of residual stresses. These first indications can hardly close this 
subject. The greatest purpose this paper can serve is to point out the need 
for some experimental work where materials and structures containing 
known kinds and amounts of residual stresses are subjected to known 
shock loads and loading rates. Experiments along these lines are difficult 
to perform since superimposed upon the controlled shock-loading require¬ 
ment is the requirement that the residual stresses be produced free of ac¬ 
companying material variables. The related literature on fatigue and static 
loading gives evidence of the latter difficulty. For a true picture of the 
effect of residual stresses on high-speed impact resistance, however, this 
type of experiment is required. 

Statement of the Problem 

Basically, information is sought which would establish in what specific 
cases and to what degree, if any, residual stresses and load stresses super¬ 
pose under high rates of loading. It is fairly well accepted by investigators 
in this field that, under normal static loading conditions, time permits the 
leveling of high local residual stresses through plastic flow, provided severe 
restraints (embrittlers) are not acting. Under the conditions of impact 
loading, however, superposition of the impact stresses and residual stresses 
may result because time may be too short to allow plastic flow to level the 
peak residual stresses. Given a structural element with known conditions 
of material structure, residual stresses, geometrical restraints, and service 
environment, # it becomes important to know under what types and mag¬ 
nitudes of impact loadings, and at what lower limiting speeds of these 
loadings, superposition of stresses and resulting damage to the element can 
take place. 

* Superposition of stresses, as the term is used in this paper, refers to the remain¬ 
ing stress total acting at a point in a medium after the admitted plastic flow has 
taken place. 
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Literature 

As previously pointed out, very little research on the effect of residual 
stresses under high rates of loading has been carried out. The only pub¬ 
lished information found, that might be classified under shock-type loading, 
was in the work of Norton, Rosenthal, and Maloof 2 . They conducted high- 
velocity explosion tests on large welded armour plates to determine, for 
one thing, the effects of the residual stress system created in welding, on the 
ballistic performance of the plates. The specimens, 12 by 12 by 1-in. thick, 
were cut in pairs from two 25 by 6-in. plates that were welded along one 
of the 25-in. edges. The armor plate used as base metal in these specimens 
could be classified as a medium-carbon steel (0.26 per cent C but high Mn, 
1.65 per cent, and some Mo, 0.48 per cent). Two types of welds were em¬ 
ployed—austenitic and ferritic NRC-2A. Both as-welded and heat-treated 
plates were tested. The biaxial residual stress system and its variation in 
the direction of the thickness was measured. In the tests the specimens 
were supported on two rigid bars, 6 in. apart, with the axis of the weld 
parallel to the supports and midway between them. The explosive charge, 
placed on the weld, was centered on the top of the specimen. The weight of 
explosive charge used was varied for a set of identical specimens in order 
to study the onset and propagation of the initial fracture crack. The re¬ 
sults of the tests were influenced by the weld nature and subsequent heat 
treatments as well as the residual stresses, the authors point out. f Focus on 
the crack initiation and its propagation, however, brings out some con¬ 
clusions concerning the effects of the residual stresses. 

The first sign of failure was in the nature of an internal crack. It is be¬ 
lieved that the cracks originated under complete lateral restraint. On the 
basis of their residual stress measurements, and the orientation of the 
initial crack, the authors admit the possibility of a slight influence of these 
stresses on the initiation of this crack. It is pointed out that the residual 
stress system is effective only if it offers an appreciable stress component in 
the direction perpendicular to the crack. The longitudinal stress (parallel 
to axis of weld) offered no such component. In the case of the ferritic 
NRC-2A weld a stress-relief heat treatment removed a high peak of trans¬ 
verse tension in the vicinity of the initial crack, and the direction of the 
crack became more nearly parallel to the plate surface, in line with the 
stress change. The test results showed that the residual stresses did not 
affect the tendency for the propagation of a crack once it had been started. 
However, it was indicated that the preceding remark would be subject to 
question if the plates were welded under heavy lateral restraint. Hence 
superposition of dynamic and residual stresses finds only a little possible 
support in this work. However, as was pointed out, the orientation of the 
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lesidual stress system, with respect to the crack orientations involved, was 
not very favorable for bringing out superposition effects. 

A little data exists in the literature for the speed range associated with 
the pendulum-type machine. Norton and Rosenthal 3 discuss a series of 
impact tests they conducted on a low-carbon steel (0.18 C), with a modified 
Charpy-ke} 7 hole notch-type specimen. They were concerned with the 
effect of residual stresses on notch-sensitivity. High residual tensile and 
compressive stresses were induced at the notch bottom by cold working 
the specimen before testing. A residual tensile stress, for instance, was 
induced by permanently closing the keyhole. The residual stresses were 
measured by X-ray means. Table 1, a reproduction of Table 5 of ref. 3, 
contains the test results. 

The consistent high energy-absorption value exhibited by the stress- 
free specimens stands out. Ihe slight lowering of the energy value (of the 
order of 5 per cent), exhibited by the specimens in which the residual 
stress was induced by cold work, is attributed to this cold work by the 
authors. If this were not the case, it is believed that the specimens con¬ 
taining compressive residual stress would have shown different energy 
values from those containing tensile residual stress. Since the cold work 
effect is coupled with the possible residual-stress effect, the latter must be 
considerably less than 5 per cent. The conclusion is therefore reached that 
the presence of high residual stress at the bottom of the notch does not 


Table 1.* Results of Impact Test Specimens of Modified Charpy Type: 
6.00 X 0.984 X 0.360-in. Keyhole Notch: Diam. = 0.0785 in., Depth = 0.59 in. 


Specimen 

Residual Stress at Bottom of Notch, 
(lb. per sq. in.) 

Energy of Rupture in Impact Tests, 

(ft. lb.) 

B1 

None 

103 

B2 

None 

103 

B3 

None 

103 

B4 

None 

103 

B5f 

-58000 

100 

B6f 

Not measured 

100 

B7 

-35000 

93 

B8 

-22000 

90 

B9 

-49000 

87 

B10 

-63500 

93 

Bll 

+61000 

100 

B12 

+53000 

95 

B13 

+70000 

92 

B14 

+61000 

92 

B15 

+75000 

90 


• Table 5 from ref. 3. 
t Stresses induced thermally 
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modify the notch-sensitivity of a ductile material in an impact test. The 
results of Norton and Rosenthal 3 are an indication that residual stresses 
and dynamic-load stresses do not superpose, at least in the case with which 
they were concerned. They point out, however, that their results cannot be 
applied directly to welded structures, for in these, plastic flow may be 
restricted much more severely, i.e., by a more complicated residual stress 
state, more severe notches, the presence of material nonhomogeneities, 
etc. It should also be pointed out that the loading speeds involved in the 
Charpy tests were probably too low to produce a sizeable speed effect. 

In the work of Krefeld and Ingalls 4 drop-weight tests on large welded 
and plain structural-steel I-beams (16-in. WF 71-lb. sections) were carried 
out. The facts that the greatest impact velocities in this work were only 
25 ft. per sec. and that the residual stresses and metallurgical properties 
were not determined, limit the importance of this work for the present 
purposes. However, their findings are worth mentioning since the work 
represents one of the few attempts made to investigate the impact behavior 
of full-size welded structures, and although the results cannot be definitely 
attributed to residual stress effects, the possibility exists. Most interesting 
were the impact tests conducted at — 40°F. These were performed on un¬ 
welded, single V-weld joined, and double V-weld joined I-beams. The 
beam, freely supported at its ends, was struck centrally by the heavy drop 
weight. The welds were placed in the 12-ft. span center. Repeated im¬ 
pacts, with striking velocities ranging from 8 to 25 ft. per sec., produced 
brittle fractures in the welded beams. The unwelded beams were much 
stronger. No fractures were produced in these even when the temperature 
was dropped to — 62°F. The possibility of residual stresses playing a part 
in these cases, where plastic flow may have been partially inhibited due to 
low temperature surroundings and rapid loading, is interesting. However, 
low-temperature environment in itself is an embrittler, and this alone could 
mask the effect of residual stress even if other factors did not enter. Sub¬ 
sequent work on these beams by Luther, Ellis and Hartbower 5 emphasized 
the complexity of the tests. They comment on the possible effects of varia¬ 
tions in steel heat, strain aging, history of forming, and faulty welds. 

Indications in Related Literature 

In the absence of more direct information on superposition of dynamic 
and residual stresses, the related literature on static loading and fatigue 
was searched for whatever guiding information it contained. The related 
literature gives support to some degree of superposition of applied and 
residual stresses when plastic flow is severely inhibited. The specialized 
conditions under which this is possible are important to know if impact 
loading, also believed to be a flow inhibitor, is to be properly assessed. 
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Table 2.* Properties of 4-in. Wide Bend Test Samples 


Specimen 

No.f 

Load (lb.) 

Bend 

Angle 

(de¬ 

grees) 

Testing 

Temp. 

(°F.) 

Failure 

Treatment 

1 

33,000 

1 ~ 

50 

-20 

1 None 

| 

Unwelded sample. Notched 
! • across plate 

2 

22,000 
i 1 

8 

-20 

Cracked across plate 

Bead removed. Notched 
across plate 

3 

17,000 

4 

-20 

| Cracked in tension 
zone | 

Notched through bead only 

4 

o 

o 

o 

8 

-20 

Cracked across plate 

Preheated to 275°F. Bead 
only notched 

5 

27,000 

25 

-20 

Cracked across plate 

Preheated to 400°F. Bead 
only notched 

6 

28,000 

30 

-20 

Cracked across plate 

Preheated to 600°F. Bead 
only notched 

7 

21,000 

8 

-20 ! 

♦ 

Cracked across plate 

_ 1 

Stretched 2% at 70°F. be¬ 
fore notching and testing 

8 

30,000 

40 

-20 

1 

Cracked across plate ; 

Postheated to 1100°F. Bead 
only notched 

9 ' 

1 

34,000 

1 

45 

-20 

Cracked across plate 

Normalized (1650°F.) after 
welding 


• Table 2 from ref. 6. 

t This numbering system added by present author. 


Kennedy’s results 6 with notch-bend tests on welded bars of mild steel 
(0.20 C) suggest that the residual stresses might have influenced fracture 
when the testing temperature was low ( — 20°F.). Table 2, a reproduction 
of Table 2 from Kennedy’s work, contains his results of low-temperature 
bend tests of 4 by % by 18-in. specimens given the pre-test treatment in¬ 
dicated by the column on the right. The welded specimens had a longitudinal 
Unionmelt weld bead deposited on one side only. In most cases a notch was 
machined across the bead, perpendicular to the weld direction. The residual 
stress state was known. 

Interesting is the comparison of the specimens* that were mechanically 
stress-relieved by stretching 2 per cent with those that were not relieved. 
The table shows that one (specimen 7) of the former type broke at a load 
of 21,000 lb., with a bend angle of 8°, and a crack across the entire plate. 
One (specimen 3) of the latter type exhibited a breaking load of 17,000 
lb., a bend angle of 4°, and a crack in the residual tension zone. Kennedy 
writes that samples containing residual stress invariably snapped first in 
the tension zone. Samples without residual stress snapped all the way 

* In Kennedy’s discussion more than one specimen is indicated. Table 2 evidently 
contains representative cases of the variously treated specimens. 
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across the plate at one time. These data support superposition of applied 
and residual stresses under the conditions of low-temperature surround¬ 
ings. Note the resultant lesser ductility displayed by the specimen con¬ 
taining residual stresses; that is, specimen 3 has a bend angle one-half as 
great as specimen 7. 

Interesting too are Kennedy’s results on his preheated specimens. The 
residual stresses in both the normally welded and preheated specimens 
were found to be the same. Yet, in the notched-bend tests run at — 20°F., 
the specimens preheated at 400°F. broke at larger stresses and greater 
ductilities than those not preheated. Indicated here, as Kennedy points 
out, are the effects of metallurgical structure. The preheated specimen 
contained a structure which had more flow ability at — 20°F.; hence the 
leveling of the residual stresses. Evidently the notch-brittleness tempera¬ 
ture of the preheated specimen had not been reached, and it appears that 
under these conditions the residual stresses did not have an effect. The 
writings of Week 1 agree with this. Week emphasizes the importance of the 
presence of the notch, having found that residual stress can produce plastic 
flow and stress relief at temperatures below the notch-brittleness tempera¬ 
ture in the absence of notches. Since it is believed that the effects of low 
temperature on a metal can be simulated by the proper high rate of loading, 
the present author would like to suggest that possibly a notch-brittleness 
speed of loading (analogous to notch-brittleness temperature marking the 
transition from ductile to brittle fracture) exists, and the residual stresses 
may have an effect on this brittleness criterion. 

Some important work, also concerned with the influence of residual 
stresses under conditions of flow restraint, has been contributed by Swan, 
Lytle and McKinsey 7 . This work was begun in an effort to clarify some of 
the results of Greene’s work 8 in which it was shown that low-temperature 
stress relieving increased the fracture resistance in bend tests of large 
welded plates of low carbon (0.24) steel. The discussion of Greene’s paper 
suggested that the small plastic flow or the moderate temperatures accom¬ 
panying the low-temperature stress-relieving process, or both might have 
been responsible for the improvements noted, especially in the ability of 
the metal to flow. It was shown through a large group of varied mechanical 
tests, slow-bend, Charpy, tensile, etc., that no appreciable difference existed 
in the mechanical properties of the as-wfelded and low-temperature stress- 
relieved weldments 7 . The conclusion is drawn that the so-called metallurgi¬ 
cal changes (due to slight heating and straining) in the low-temperature 
stress-relieving process could not account for the improvements noted in 
Greene’s work. Attention then shifts to the possible effects of residual 
stresses. The results of a series of tests with as-welded and low-tempera¬ 
ture stress-relieved specimens, run at 0°F. 8 , are discussed by the authors 7 . 
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The highly restricted plastic flow, reflected in the deflection values accom¬ 
panying the low breaking stresses exhibited by the as-welded specimens at 
crack initiation, is pointed out. Stressing the importance of having highly 
restricted plastic flow when investigating the effects of residual stresses, 
the authors 7 present some of their own work along these lines. Bend tests 
of four unwelded low-carbon (0.20) steel plates (18 by 20 by %- in.) at 
— 150°C. were conducted. Two of the plates had a 1-in. strip down the 
center heated to 500°F. This induced residual stress without appreciable 
metallurgical effect. Hardness surveys on the fractured edges revealed 
some effect of residual stress. The heated plates showed different loads at 
fracture, the lower load coming with the lower hardness increase (hence 
less plastic flow). It is pointed out, however, that the tests were not con¬ 
clusive since the test conditions were not severe enough to suppress plastic 
flow completely in all cases. This suggests again the importance of the 
presence of a notch. The authors 7 , aware of this, return again to Greene’s 
data on his as-welded specimens (having an effective notch and tested at 
0°F.) in support of their belief that, under severely inhibited plastic flow, 
residual stresses have an effect on fracture. Fig. 1, a reproduction of Fig. 
16 from ref. 7, presents the authors’ postulation concerning the effect of 
residual stress on load-carrying capacity as a function of strain hardening. 
The figure shows that with a combination of residual stress and no plastic 
flow, failure would occur at relatively low loads. The results of their bend 
tests are plotted in the figure, indicating why the full effect of residual 
stress was not demonstrated in the tests. 


o 



NOTE' 

BANDS INDICATE EXPECTED DECREASE IN 
LOAD CARRYING CAPACITY DUE TO RESIDUAL 
STRESS. 

• - EXPERIMENTAL POINTS 

Fig. 1. Postulated effect of residual stress on load-carrying capacity as a function 
of strain hardening. (Fig. 16 from ref. 7.) 
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Two carefully performed experimental investigations, concerned with 
the effects of residual stresses in fatigue, offer some information of interest 
here. Norton, Rosenthal, and Maloof 9 found that it was not the original 
residual compression they induced in their notched low-carbon (0.19) 
steel specimens that was responsible for better fatigue performance, but 
the residual stress pattern remaining after the first few cycles. The opinion 
is expressed that the value of the latter is in its retarding of crack propaga¬ 
tion. Here, then, is some evidence of influence on crack propagation by 
unrelieved residual stresses. The results of Hall’s and Parker’s work with 
notched mild steel specimens support the above conclusions 10 . Notable was 
their finding that changing the residual stress at the notch base from 
tension to compression raised the fatigue strength value from one-half to a 
value somewhat above that of the stress-free bar. 

Further Comments 

Recent research indicates that the importance of the plastic flow time 
factor is accentuated in the case of mild steel, the material that finds such 
wide use in weldments. Kuntze 11 , for instance, points out that in notch- 
tension impact tests, low-carbon steel exhibited the strongest impact 
brittleness of the various materials he tested. It is stated that latent brittle¬ 
ness (a categorizing brittleness term defined by Kuntze, which includes 
impact brittleness) is caused b} r extremely small (submicroscopic) deposits 
of foreign material in the base metal lattice structure, and is exhibited only 
in impact tests. In slower tests this early occurring brittleness has time 
to dissipate. Latent brittleness is one factor, then, tending to produce the 
state in mild steel (inhibited flow under impact) in which superposition of 
dynamic and residual stress might occur. 

Further, Clark and Wood 12 have established that mild steel, subjected 
to a rapidly applied constant tensile stress, exhibits a definite time delay 
for the initiation of plastic deformation. The delay time is shown to de¬ 
crease as the applied stress is increased. Very short delay times are in¬ 
dicated for the high applied stresses. For instance, at room temperature 
(73°F.), a delay time of 0.0001 sec. for a rapidly applied stress of 70,000 
lb. per sq. in. is indicated for an annealed mild steel of 0.17 per cent carbon; 
and at — 75°F., the same steel, under the same rapidly applied stress, 
shows a delay time of about 0.04 sec. The question arises as to whether a 
condition could exist where a sharp-fronted elastic tension wave, superposed 
on a residual stress, results in tensile fracture before yielding can occur, 
i.e., wave rise time less than delay time associated with the temperature 
and total stress involved. It would seem the possibility is stronger at lower 
temperatures. The value of these remarks can only be determined by further 
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experimenting since the delayed yield phenomenon in mild steel is not yet 
fully understood 13 , and delay times associated with the presence of residual 
stresses have not yet been investigated. It should also be pointed out that 
mild steel, with its well-defined yield point, is particularly sensitive to the 
well-known increase of flow stress with speed of loading, i.e., the upper yield 
point increases drastically with speed of stretching. In the author’s work 
with mild steel, for instance, the upper yield point increased from 35,300 
to 49,500 lb. per sq. in. when the speed of stretching (rate of travel of 
lower head of screw-driven tensile testing machine) was increased from 
2.5G-10~ 2 to 15.4 in. per min. 14 . Still higher stresses are indicated at the 
faster speeds, and hence it appears that rupture stresses could possibly 
result through superposition of dynamic and residual stresses. This speed 
effect in mild steel, of course, is related to the delay-time phenomenon. 
Since this relation is unknown at present, it was felt that mention of both, 
as separate items, was in order. 

In weldment materials other than mild steel possible support for super¬ 
position of dynamic and residual stresses comes from the theory of propa¬ 
gation of the plastic wave (see recent paper von Karman and Duwez 16 ). 
In materials exhibiting stress-strain curves concave downward in shape, 
the elastic strain propagates faster than the plastic strain*. Therefore, the 
superposition of a sizable elastic stress and residual stress could possibly 
result in a stress of fracture magnitude before appreciable plastic flow set in. 

It seems that a residual stress located near a structural joint might be 


particularly dangerous because of wave superposition effects. 

A welded structure in service, of course, can be under the influence of 
several embrittling agents simultaneously. For instance, a mild steel weld¬ 
ment with its peculiar embrittling factors may, in addition, be under the 
influence of other well-known embrittlers such as multiaxial residual 
stresses, low-temperature surroundings, geometrical constraints, and 
various metallurgical discontinuities produced in heat treating, welding 
and metal fabrication. A\ ith the approach toward greater brittleness, the 
stress-strain characteristics of the weldment material tend toward purely 
elastic behavior from zero load to fracture. Impact damage to a weldment, 
influenced in this manner, is due to the elastic waves that are excited. Under 
this restrained flow' condition it is possible that superposition of the elastic 
wave and residual stresses can occur and bring about resultant damage to 
the weldment more easily. 


* The well-defined upper yield point, the subsequent drop in stress, and irregu¬ 
larities of the yield-point elongation region render the mild-steel curve hardly one 
fitting the conditions of the von Karman theory. In mild steel the peculiarities asso¬ 
ciated with the yield point, along with elastic wave action, are the important items. 
These have already been discussed. 
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Fig. 2. Weld damage under high rates of loading 
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Examples of Weld Damage Under High Rates of Loading 

The author had the opportunity of observing some brittle-type fractures 
associated with welds on dummy missiles, that occurred at high-speed 
watei entry. It was felt that photographs of these rupture cases would be 
of interest here. I he} r are presented in Fig. 2. The possibility that residual 
stresses had a part in creating the failures exists, but obviously, the pos¬ 
sibility of other factors, such as faulty welds, etc., playing a part is just 
as strong. Fig. 2(a) shows a fracture in the weld between shroud ring and fin. 
This missile entered the water at approximately 300 ft. per sec. Fig. 2(b) 
exhibits a similarly located weld fracture. Water entry here was at approxi¬ 
mately 400 ft. per sec. big. 2(c) shows failures at the weld junction of fin 
and body. I he possibility that the weld was subjected to a sharp tensile 
load is strongly supported by (1) the rather broad-faced fin assemblage, 
which would be subjected to a high compressive load, and (2) the orienta¬ 
tion of the upper crack in the photograph, which suggests tensile fracture 
due to the high load on the fin assemblage. Water entry in this case was 
at approximately 100 ft. per sec. 


Summary 

1 he chief purpose of this paper is to point out the need for some experi¬ 
mental work where materials and structures containing known kinds and 
amounts of residual stresses are subjected to known shock loads and loading 
rates. The importance of this subject stems from the realization that today 
many types of structures, including welded ones with their well-known 
residual stresses, must meet the additional requirement of good performance 
under high rates of loading. 

Basically, information is sought which would establish in what specific 
cases and to what degree, if any, residual stresses and load stresses super¬ 
pose under high rates of loading. Residual stresses are known to be relieved 
through plastic flow. Under the conditions of flow inhibition, however, 
these stresses are suspected of creating damage through superposition on 
load stresses. Hence, under the conditions of impact loading, known to 
inhibit plastic flow because of the short time factor involved, superposition 
of residual stresses and dynamic stresses is a possibility*. This is an even 
stronger possibility if, in addition, other flow inhibitors, like low tem¬ 
perature, etc., are acting on a material. Given a structural element with 
known conditions of material structure, residual stresses, geometrical 
restraints, and service environment, it becomes important to know under 
what types and magnitudes of impact loadings, and at what lower limiting 
speeds of these loadings, superposition of stresses and resulting damage to 


* See footnote on p. 202. 
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the body can take place. The experiments needed are difficult ones because 
in addition to the controlled shock-loading requirement is the requirement 
that the residual stresses be produced free from accompanying material 
variables. 

Very little research has been directed at the subject of this paper. Ref. 2 
was the only information found that can be classified under high rates of 
loading. High-velocity explosion tests on large welded armor plates were 
conducted. The effect of the residual stress system on the ballistic per¬ 
formance of the plates was one of the things investigated. The work focused 
attention on crack initiation and its propagation. Some possible support 
for the influence of residual stresses on the crack initiation is indicated, 
but not on the propagation of the crack. The orientation of the residual 
stress system, with respect to the major djmamic stresses involved, made 
this work not very favorable for bringing out superposition effects. 

Ref. 3 represents impact tests on modified Charpy specimens of mild 
steel containing residual stresses at the notch bottom. No effect of residual 
stresses on notch-sensitivity was noted, a fact which does not support the 
theory of superposition. But it is believed that the loading speeds involved 
here were too low to show the effects of speed. Ref. 4 contains some results 
of low-temperature drop-weight impact tests on large plain and as-welded 
I-beams. The possibility exists that residual stresses influenced the brittle 
fractures noted in this work. But other variables, metallurgical, etc., 
entered and made the work nonconclusive in this respect. Hence, the in¬ 
formation in the small amount of direct literature on this subject does not 
warrant drawing a conclusion, pro or con, on the validity of the super¬ 
position principle in the case of residual and dynamic stresses. 

In the absence of more direct information, the related literature on static 
loading and fatigue was searched for whatever guiding information it con¬ 
tained. Support was found for some degree of superposition of working 
and residual stresses, when plastic flow was severely inhibited. The spe¬ 
cialized conditions under which this was possible were noted and reported 
here, to help in the proper assessing of impact loading, also a flow inhibitor. 
The data strongly support superposition of stresses in materials containing 
a notch in the presence of low temperatures. Since it is believed that the 
effects of low temperature on a metal can be simulated by the proper high 
rate of loading, the author believes it may be important to investigate the 
role played by notch-brittleness speed of loading in the subject at hand. 

Recent research tends to support the importance of this loading-speed 
brittleness criterion and the possibility that residual stress has an influence 
on it, particularly in the important welding material, mild steel. Latent 
brittleness 11 , delay time in yielding 12 , and speed effect on the yield point 14 
of mild steel are quantities that may play a role in determining whether 
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residual and dynamic stresses superpose in this material. It appears that 
in a mild steel weldment, under the simultaneous action of several em- 
brittlers, and subjected to impact, damage could result more easily through 
the superposition of elastic waves and residual stresses. 

An appendix is attached suggesting tests that would possibly establish 
the existence of a notch-brittleness speed of loading for a selected mild 
steel at a particular temperature, and the effect of residual stress on this 
brittleness criterion. 
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Appendix 

Suggestions for Experimental Work 

Since the literature contains so little on this subject, it was felt that some 
test suggestions were in order. What is written here can hardly be con¬ 
sidered complete. Detailed analysis of the suggested tests would have to 
be made to evaluate their true possibilities in proving the validity of the 
superposition of dynamic and residual stresses. 

Some of the papers quoted here offer guidance for future experimenting. 
For the present, it seems that attention should be focused on small labora¬ 
tory-type tests because of the greater difficulty of controlling the many 
additional variables found in large weldments. When the effects of residual 
stresses have been established on a small laboratory scale, attention can 
then be turned to the more practical cases. 

It would appear that some tests should be conducted that would possibly 
establish the existence of a notch-brittleness speed of loading for a selected 
mild steel at a particular temperature, and the effect of residual stress on 
this brittleness criterion. Notch-tension impact tests might be called 
upon for this purpose because of the relative simplicity and possible con¬ 
trol of the dynamic stress involved. Loading speeds well in excess of those 
associated with the pendulum-type machines are implied here. Needed 
would be two sets of specimens. The specimens of one set would all have 
the same magnitude of residual tensile stress at the base of the notch. The 
specimens of the second set would have no residual stress induced in them, 
but, as closely as possible, would be like the specimens of the first set in 
every other respect. The importance of this type of breakdown, and the 
care needed to obtain it, is emphasized in the literature 3,7 * 10 . In producing 
the residual stress, actual welding is unsatisfactory because of the metal- 
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lurgical variables accompanying this process. In references 3 and 10, 
residual stresses are induced at the base of a notch by means of local heat¬ 
ing or cold working of the metal. These seem to be the least objectionable 
methods from the standpoint of accompanying metallurgical changes. 
Extreme care must be exercised in both methods. Cold working, if done in 
excess, can have a sizeable effect on the notch sensitivity of a material 
through the mediums of strain hardening and strain aging. Local heating 
requires precise control of temperatures. Overheating is dangerous here. 
It should be mentioned, as pointed out in the literature 10 , that- local heating 
produces stresses and stress gradients which simulate more closety the 
actual residual stresses in weldments than do those produced by cold work. 
With careful production and measurement of the residual stress 3 and 
further, microstructure examinations of the material at the base of the 
notch 10 , residual stresses could probably be induced without the intro¬ 
duction of other serious material variables. 

It would seem that each set of specimens would have its own notch- 
brittleness speed of loading, which could possibly be obtained by running 
tests at various impact velocities. If superposition holds, the set of speci¬ 
mens containing residual stresses might be expected to have a lower notch- 
brittleness speed of loading, since the magnitude of the elastic tension 
loading wave is directly proportional to this speed. To detect this notch- 
brittleness speed of loading for each set of specimens, the increase in hard¬ 
ness on the fracture surfaces at the notch base could be measured and 
plotted against speed of loading. If increase in hardness number were 
plotted as ordinate, and speed of loading as abscissa, the resultant curve 
might be expected to look like the reflection of a Charpy energy absorption- 
temperature curve in its vertical axis. 

Assuming that the first tests are run at room temperature, it is conceiv¬ 
able that lower temperatures, and their flow-restraining action, might be 
required to bring out the more pronounced effects of residual stresses. The 
effect of residual stresses on high-speed impact resistance in the presence 
of low temperatures could be studied by repeating the room temperature 
tests at various other selected temperatures. A curve and a notch-brittleness 
speed of loading for each set of specimens (with residual stress and without) 
would be obtained for a particular temperature. From this data it would 
also be possible to establish the effects of residual stress on the notch- 
brittleness temperature for a particular loading speed. This could be done 
by taking points off the various hardness increase vs. speed of loading 
curves, at a particular speed, and plotting a separate hardness increase vs. 
temperature curve for the residual stress specimens and one for the stress- 
free specimens. The stress-free specimen curve would bring out the em¬ 
brittlement due to temperature drop, and the residual stress specimen 
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curve would bring out the embrittlement due to both temperature drop 
and residual stress superposition. The difference between the latter and the 
former would be attributed to the presence of residual stress. 

It must be remarked that the speed of loading referred to above would 
be that speed associated with the striking speed of the hammer of an air-gun 
type machine or of the horns of a flywheel-type machine, etc. The actual 
loading rate at the notch, dependent upon the rise time of the elastic 
longitudinal tension wave traveling in the specimen body, is proportional 
to this speed of loading. For the tests suggested above, only relative speeds 
would be necessary to bring out the desired effects, and hence, the speed 
of loading, which is easily measured, would serve the purpose. 

The notch-tension impact test, however, does offer a chance to measure 
the elastic longitudinal tension wave being superposed on the residual 
stress. The magnitude and rise time of this wave would give the actual 
stress and loading rate involved. These measurements could be facilitated 
Nvith the aid of \ cry short, bonded wire resistance strain gages, mounted 
axially or perhaps circumferentially. 

If the tension loading wave is produced without appreciable bending 
disturbances, and it a fairly accurate wave-measuring technique is em¬ 
ployed, the effect of superposition with various combinations of dynamic 
and residual stresses could be investigated. 

In tests designed to establish a certain notch-brittleness speed of loading 
it would be difficult to predict the most important speed range to focus 
attention on. T Iy wheel-type machines are capable of producing loading 
speeds up to 200 ft. per sec. The AVestinghouse Research Laboratories and 
California Institute of Technology are two places that have flywheel 
machines, lhe L . S. Xaval Ordnance Test Station offers a unique tension 
impact machine of the air-gun type, capable of producing loading speeds 
up to 800 ft. per sec. 
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Correlation of Residual Stresses with Fatigue 
Strength of Machine Elements and 

Related Phenomena 


O. J. HORGER and II. R. NE1FERT 


Editorial Abstract 

The authors discuss critically various series of fatigue tests on 
full-size members involving different states of residual stress and 
heat treatment, as follows: 

(1) Filleted shafts, both solid and hollow, smaller outside diame¬ 
ter, 734 in., quenched in water from different temperatures, tested 
in rotating bending. 

(2) Press-fitted assemblies with SAE 1050 steel shafts 934 in. in 
diameter, some solid and some with a 3-in. bore, tested in rota¬ 
ting bending. 

(3) Press-fitted assemblies with AISI 4131 tubing, 9 in. O. D. by 
6Vs in. I. D., quenched and tempered under five different pro¬ 
cedures, tested in rotating bending. 

(4) Rear-axle drive shafts of AISI 1046 steel, tested in reversed 
torsion. 

(5) Not straightened and straightened aircraft-engine crank¬ 
shafts tested in reversed bending. 

(6) Automotive rear axles, forged from l'3i6 in. round bars of 
NE 8650 steel, quenched and tempered to a Ilrinell hardness of 388 
to 444, not straightened, straightened, and shot-peened, tested 
as rotating cantilever beams. 

(7) Plain and filleted shafts, 1.554 in. in diameter, machined 
from SAE 1045 steel 234 in. in diameter, some shot-peened me¬ 
chanically and others by air blast, with different sizes of shot, 
tested as rotating cantilever beams. 

(8) Shafts, 534 in. in diameter, with rolled fillets, tested by the 
authors, and smaller shafts tested by others. 

The authors point out that the usually assumed axially sym¬ 
metrical distribution of residual stresses when the Sachs boring- 
out method is used may in fact not exist, and then use of the 
method becomes futile. 

Attention is called to the inadequacy of the usual relaxation 
methods of measuring residual stresses in the presence of steep 
gradients of stress. 


219 
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1. Introduction 


Numerous examples are presented here showing the influence of residual 
stresses upon the fatigue strength of full-size production members. The 
residual stresses are generally evaluated in each case and a determination 
made of the fatigue strength. Most of these cases were taken from the 
authors’ own findings which are supplemented by the work of other investi- 
gatois along with a discussion of various technical and theoretical aspects. 

Favorable residual stresses may be deliberately introduced in design 
members to obtain a higher fatigue resistance than would result without 


them. Again unfavorable residual stress systems may lead to premature 
fatigue failure. Internal stress systems may be induced in manufacturing 
operations by two general methods of either cold working or thermal proc¬ 
esses. It is important to recognize and evaluate their influence on the pro¬ 
duction and service perfoimance of the design member. 

It is this formation, measurement, and utilization of residual stresses 


which presents many controversial interpretations. While these questions 
and many other phases of this problem have been reviewed in the litera- 

1 . 2 , 3 . 4 , 5 . 6 , 7 — - 


ture 


we still do not have a thorough understanding of the role 
played by residual stress. This paper reports progress on some of the follow¬ 
ing questions but much research work lies ahead: 


(a) I he difficulty ot isolating the influence of residual stresses per se 
because of the usual accompaniment of such stresses by some kind of 
structural or phase changes in the material. 

(b) Influence of shape and size of member on the residual stresses in¬ 
duced and the related fatigue strength. 

(c) Effects of superposition of the residual stress pattern on the stress 
system arising from the load which are not clearly understood in relation 
to fatigue strength. 

(d) Residual stress gradients which are frequently very steep in the 
surface layer where failure originates. Too often we not only fail to recog¬ 
nize this condition, but even if we do, there is no generally known means 
whereby such stresses can be measured. 

(e) The generally assumed S 3 mmetrical distribution of residual stresses, 
for example, in circular sections, which may not be the case. 

(f) The dependence of residual stresses, like damping, upon previous 
history. We find them changing or fading or even going from compression 
into tension, and vice versa, as a result of cyclic loading. 

This lack of knowledge is no excuse for not making practical application 
of residual stresses, just as in the case of heat engines which were in opera¬ 
tion many years before the laws of thermodynamics were understood. In 
fact, industry has in production various machine parts where the presence 
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Fig. 1. Two designs of fatigue test specimens used in investigation. 


of residual stresses provides the necessary factor of safety against fatigue 
failure. 


2. Heat-Treated Shafts with Fillets 8 

The fatigue resistance of SAE 1050 steel shafts with fillets (Fig. 1(a)) 
was investigated in rotating bending where the smaller diameter of the 
shaft adjacent to the fillet was 7% in. Some of these shafts were solid and 
others were hollow with a 3-in. hole. Fatigue failure always occurred in the 
fillet. Residual stresses were induced by several different methods of heat 
treatment, imposed on the normalized and tempered structure originally 
present in all these shafts, as follows: 

(a) Quenching hollow shafts in water from above the upper critical 
temperature to introduce residual stresses through both phase transforma¬ 
tion and pure thermal gradients* and then tempering one group at 1000°F. 
and another at 750°F. 

(b) Quenching in water from below the critical temperature, such as 
from the commercial tempering range, so as to develop thermal stresses 
without the transformation stresses obtained in (a). 

Distribution and magnitude of residual stresses (Fig. 2) were determined 

* Throughout this paper the authors have chosen to term stresses resulting from 
transformation or phase changes in the structure as transformation stresses and those 
from pure thermal gradients as thermal stresses for reasons explained in reference 4. 
This is not always consistent with other investigators. 
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Fig. 2. Residual stresses obtained in solid and hollow 7b£-in. diameter SAE 1050 shafts having 1-in. radius fillet 
and indicating effect of various heat treatments. (Numbers in circle refer to test series in Table 1.) 
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Fig. 3. Final slitting and tongues cut in 9^-in. diameter cylinder after successive 
boring out from solid sections. 


by the Sachs boring-out method 0 supplemented by a final operation of 
slitting and cutting tongues in the remaining thin shell, similar to Fig. 3. 
The slugs for this study were cut from the shaft adjacent to the 1-in. radius 
fillet. SR-4 type strain gages were applied to the periphery of each slug 
prior to the initial boring to permit measuring the release of strain after 
each successive boring-out operation. 

The endurance limit values obtained from fatigue tests on a number of 
shafts from each of five test series are presented in Table 1. Brief conclu¬ 
sions may be stated as follows: 

Series 1: A base endurance limit of 22,500 lb. per sq. in. was obtained 
with a normalized and tempered solid section where the residual stresses 
were found to be negligible. 

Series 6: Pure thermal stresses obtained by quenching the solid shaft in 
water from the quenching temperature of 11G0°F. gave an endurance limit 
of 29,500 lb. per sq. in., or an improvement of 29 per cent over Series 1. 
This increase resulted from favorable thermal stresses alone without trans¬ 
formation stresses occurring and little change in physical properties. 

Series 4: When the treatment of Series 5 was repeated with a hollow 
section the endurance value was 22,500 lb. per sq. in., or a reduction of 22 
per cent. This is not fully understood because the residual stress system 
(Fig. 2) appears at least as favorable as for Series 5. Nevertheless it must 
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Table 1. Fatigue Properties of SAE 1050 Steel Fillet Specimens After 

Various Heat Treatments 



D 

d 

r 

d 


2.62 

.138 


Test 

Scries 

Type Shaft 

Treatment Given Norm. 
& Temp. Material 

^ Max. Allow. Bend. 
Stress (psi) to Prevent 
Breaking Off in Fillet 

O.D. Physical 
Properties 



(Based on 20 Million 
Revs.) 

Y.P. 

T.S. 

- 

BUN 

1 

Solid 

None 

22,500 

46,400 

86,300 

156 

2 : 

iioiiow 

Qw 1550°F. (O.D. j 
& l.D.) T. ! 

1000 °F. 

32,000 

82,000 

126,250 

231 

3 

Hollow 

Q w 1550°F. (O.D. 
& l.D.) T. 

750 °F. 

o 

o 

o 

»» 

96,750 

• 

142,000 

293 

4 

Hollow 

Qw 1160°F. 

22,500 

50,000 

91,750 

169 

5 

Solid 

Qw 1160°F. 

29,000 

59,000 

92,400 

159 


he concluded that the hole is a detrimental shape factor toward obtaining 
thermal residual stresses which will improve the fatigue strength. 

Series 2: Here both thermal and transformation stresses are present to 


give an endurance limit of 32,000 lb. per sq. in. or an improvement of 42 
per cent over Series 1. It is not known how much of this improvement is 
due to the favorable residual stresses and what part may be attributed to 
the higher physical properties of Series 2 over 1. 

Series 3: When Series 2 was repeated except for a 750°F. drawing tem¬ 


perature instead of 1000°F. the endurance limit was 41,000 lb. per sq. in., 
or an increase of 28 per cent. The lower drawing temperature should leave 
a more favorable residual stress for Series 3 but it remains unknown as to 
what part of this improvement is due to residual stresses and the portion 

ascribed to improved physical properties. 

In conclusion, Series 1 represents usual practice for normalized and 
tempered material whereas Series 5 should be used; Series 2 represents 
frequent practice for quenched and tempered material whereas Seiies 3 


should be used. 
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Fig. 4. Fading of residual stresses due to repeated stressing. (Buhler and Buchholtz) 


The residual stresses in Fig. 2 were obtained from slugs cut from shafts 
after the fatigue test. It is recognized that residual stresses may be induced, 
changed, or may fade due to cyclic stressing, and in the absence of more 
complete data this may account for any inconsistencies in the various stress 
systems, particularly for Series 4 shafts. Rotating beam fatigue specimens 
1.07 in. in diameter reported by Buhler and Buchholtz 10 were investigated 
for residual thermal stresses by the boring-out method before and after 
fatigue testing. The changes in the longitudinal and tangential stresses 
found through the cross section are given in Fig. 4 for two of the steels 
investigated. 

Tubular specimens having tensile stresses in the surface were also investi¬ 
gated (Fig. 5). These are particularly interesting because the initial surface 
tensile stresses actually changed into compression after applying various 
degrees of bending stress and number of stress reversals. Fading of residual 
stresses was also established by means of X-ray measurements made by 
Giesen and Glocker 11 which were reviewed by Barrett 12 . Decrease in residual 
stresses after fatigue testing of shot-peened parts was reported by H. F. 
Moore 13 . A literature review was published by Richards 14 . 

3. Press-Fitted Assemblies with Heavy-Wall Shafts 8 

The influence of residual stress systems induced under eleven different 
conditions on the fatigue resistance of press-fitted assemblies (Figs. 1(b) 
and 6) was investigated in rotating bending 15 . The shafts were 9^2 in. in 
diameter, of SAE 1050 steel; some were solid sections and others were 
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Fig. 5. Influence of repeated stresses on the residual surface stress on hollow 
cylinder quenched from bore. (Bidder and Buchholtz) 


heavy-wall hollow sections made from forgings with a 3-in. bored hole. 
Fatigue failure always occurred in the shaft within the press-fitted region 
and near the hub face toward the protruding end of the shaft. Such an 
assembly represents a high degree of stress concentration from shape 
effects combined with fretting corrosion 16 . 

The fatigue strengths for the eleven residual stress conditions induced in 
this series of tests are given in Table 2. The residual stress systems were 
evaluated by the method 9 in Figs. 3 and 7 to obtain the magnitude and 
distribution presented in Figs. 8 through 12. 

Scries 6: A base endurance limit of 11,000 lb. per sq. in. was obtained 
for the shaft against breaking off in the wheel fit where residual compressive 
stresses of a low order were found at the surface. 

Scries 8: An endurance limit greater than 22,000 lb. per sq. in. was found 
when the wheel-fit portion of the shafts in Series G were surface rolled * 
at 21,000 lbs. maximum pressure* with 10-in. diameter rollers having a 
lj^-in. contour radius. Here the surface residual stresses are compressive, 
being 103,000 lb. per sq. in. longitudinally and 45,000 lb. per sq. in. tan¬ 
gentially. This surface rolling also changes the structural and strength 
properties of the surface layer. From these tests it is not clear how much of 
this improvement of over 100 per cent (compared with Series 6) may be 
attributed to each factor of residual stresses and structural changes. 

Thum and Bautz 18 investigated a similar question and reported (1) 

* Residual stresses at other rolling pressures were measured as shown in Fig. 8 
but no fatigue tests were made. The cylinders from which these stress patterns were 
obtained were not subjected to cyclic stressing. 
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Fig. 6. 9V4-in diameter 


four-fifths of the increased fatigue strength in reversed bending was due to 
residual stresses and one-fifth was due to strain hardening, while (2) in¬ 
creased torsional fatigue strength was all due to strain hardening. A detailed 
discussion of the literature on this question has been published 3 . 

An additional example of cold working may be cited in the shot peening 
of shafts in Series 6 in the wheel-seat portion. When the wheel was press 
fitted over the rough peened surface the endurance limit was increased to 
17,000 lb. per sq. in. as compared to 11,000 lb. per sq. in. without peening. 
But when this peened surface was machined off just enough to remove the 
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Table 2. Fatigue Properties of SAE 1050 Steel Press-Fitted Specimens 

After Various Heat Treatments 

he— 7" —h 



Test 

Scries 

Type 

Shaft 

Treatment Given Norm. & Temp. 
Material 

Max. Allow. 
Bend. Stress 
(psi) to 

Prevent - 

(Based on 85 
Million Revs.) 

Fatigue 
Properties at 
22,000 psi. 

O.D. Physical 
Properties 

Crack¬ 

ing 
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ing off 

Revs. 

in 
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Crack 

depth 

Y.P. 

T.S. 

BHN 

6 

Solid 
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HI 
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8 

Solid 

Rolled max. press. 
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B 

_ 

— 


11 

10 

Solid i 

Flame hardened 

, 2H 

9,000 

18,000 

23.40 

Broken 

— 

— 
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11 

Solid 

(flame speed in./min.) 3}6 

— 
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— 

— 
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12 

Solid 


1 3H* 

— 

- | 

3.23 
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— 

■ 
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14 | 
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Qw 1550 F. and 

•3 500 


>22,000 96.00 
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15 

Hollow 

tempered (°F.) 

Rg “50 

— 

>22,000 84.80 
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139,000 
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16 1 

Hollow i 


C 1.000 

l 

12,500 

1.10 

Broken 81,000 

i . ! 

125,000^ 

’ 
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17 

Hollow 


2 500 

- 

>22,000 

85.40 
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138,000 
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18 

Hollow 


C § 1 750 I 

—— 

>22,000 85.30 , 
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137,100 
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19 
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1 
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15,000 

1.61 

1 

Broken 

80,000 
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21 
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Qw 1550°F.; T. 1000°F.; Qw 
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84.30 
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93,200 
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22 

Solid 1 

Qw 1160°F. 

1 

>19,000 



53,500 

90,500 

I 

166 


* Not ground; 0.040" ground off diameter all other flame hardened shafts. 


peening marks (0.016 in. on diameter) there was no practical improvement 
over the unpeened shaft. This case illustrates the shallow depth of elec¬ 
tive residual stresses obtained in shot peening. On the rolled shafts amounts 
up to in. on diameter were removed by both machining and grinding 
methods but no decrease in fatigue resistance was found. 

Series 10, 11, 12: Stress patterns (Fig. 9) obtained by flame-hardening 
solid shafts at different flame speeds indicate that the surface compressive 
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Fig. 7. Some of the stages in boring-out operations on 9>^-in. diameter shaft 
specimens for determining residual stresses. 

stresses developed are of approximately the same order of magnitude 
whether the flame speed is 2J^ in. or 4)4 in. per min. An endurance limit 
of 18,000 lb. per sq. in. was obtained with a relatively low level of surface 
compressive stresses. Since both structural and physical properties of the 
surface layer were improved by this treatment the influence of residual 
stresses alone cannot be evaluated. The effect of not grinding off the de- 
carburized layer (Series 12) is indicated by a reduction in the longitudinal 
stress to 1800 lb. per sq. in. accompanied by a lower endurance limit which 
was not established*. 

Series 14 through 19: A combination of thermal and transformation re¬ 
sidual stresses obtained by tempering hollow shafts at various temperatures 
after water quenching with the ends of the shaft open are given in Fig. 10 
and with the ends closed in Fig. 11. Series 1G represents frequent commercial 
practice of quenching from both O. D. and I. D. followed by tempering at 
1000°F.; it leads to a low value of residual stress and an endurance value 
of 12,500 lb. per sq. in. On the other hand, Series 19 was treated the same 
as Series 16 except for plugging the ends during quenching; the endurance 
limit was increased to 15,000 lb. per sq. in. with little or no change in physi¬ 
cal properties but with a probably more favorable stress system. Tempering 
at 500 or 750°F. (Series 14, 15, 17, 18) gave an endurance limit greater 
chan 22,000 lb. per sq. in. This large increase in fatigue strength is much 
greater than would be expected from a consideration of the physical proper¬ 
ties alone and may be attributed largely to the more favorable residual 
stress systems! if we neglect the influence of changes in the microstructure. 
A number of shafts of Series 15 have been in service applications several 

* These flame-hardened cylinders were not subjected to cyclic stressing prior to 
measurement of the residual stresses. 

t The cylinders in Figs. 10 and 11 were cut from shafts after cyclic stressing and 
the same comments previously discussed -will apply regarding fading phenomena. 




1'ic;. 8. Residual stresses obtained in 9^-in*. diameter normal and tempered SAE 1050 steel shafts by surface 
rolling. (Numbers in circle refer to test series in Table 2.) 
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Fig. 9. Residual stresses in 93^-in. diameter normal and tempered SAE 1050 steel shafts by 
flame hardening. 0.040 in. ground off O.D. after flame hardening at flame speeds indicated. (Num¬ 
bers in circle refer to test series in Table 2.) 
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Fig. 10. Effect of tempering temperature on residual stresses obtained by water 
quenching from O.D. and I.D. The 934-in. diameter SAE 1050 normal and tempered 
shafts having 3-in. bore were water quenched from 1550°F. and tempered as indi¬ 
cated. (Numbers in circle refer to test series in Table 2.) 

Properties after Tempering at 


500°F 750°F 1000°F 

T.S. 135,000 139,000 125,000 

Y.P. 92,000 96,500 81,000 

E.L. >22,000 >22,000 12,500 


years under heavy loading conditions with no difficulty being experienced 
whereas failures were obtained with Series 6 and 1G. Increasing application 
is being made of shallow-hardening steels to production parts subjected to 
alternating bending and torsional stresses, so as to obtain the higher fatigue 
strength resulting from favorable residual stresses induced by low-tempera¬ 
ture drawing after quenching. 
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Fig. 11. Effect of tempering temperature on residual stresses obtained by water 
quenching from the O.D. only. The 9^-in. diameter SAE 1050 normal and tempered 
shafts having 3-in. bore were water quenched from 1550°F. and tempered as indicated. 
(Numbers in circles refer to test series in Table 2.) 

Properties after Tempering at 


500°F 750°F 1000°F 

T.S. 138,000 137,000 124,200 

Y.P. 90,500 91,500 80,000 

E.L. >22,000 >22,000 15,000 


Series 21 and 22: Fig. 12 indicates that the surface compressive stresses 
obtained in hollow cylinders are approximately twice those obtained in 
solid cylinders subjected to the same heat treatment (Series 15 and 20)*. 

* The cylinder from which Series 20 stress pattern was obtained was not subjected 
o cyclic stressing, whereas Series 15, 21, and 22 were subjected to cyclic stressing and 
the same comments previously discussed will apply regarding fading phenomena. 
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Fig. 12. Residual stresses obtained in solid and hollow 9>£-in. diameter SAE 1050 shafts used in press 
tit tests and indicating effect of various heat treatments. (Numbers in circles refer to series in Table 2.) 
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The stress patterns for Series 21 and 22 indicate the magnitude of thermal 
stresses which may be obtained by quenching from the tempering tempera¬ 
ture. Hollow shafts (Series 16) which have only negligible internal stresses 
after commercial heat treatment show longitudinal surface compressive 
stresses of 36,700 lb. per sq. in. after water quenching from the tempering 
temperature of 1000°F. (Series 21); here is a case where favorable thermal 
residual stresses increase the endurance limit from 12,500 (Series 16) to 
18,000 lb. per sq. in. (Series 18) with little change in physical properties. 
Solid shafts quenched from the tempering temperature of 1160°F. after 
normalizing (Series 22) gave an endurance limit greater than 19,000 lb. per 
sq. in.; this improvement over the 11,000 lb. per sq. in. for Series 6 may be 
attributed to the favorable residual stresses inasmuch as the physical proper¬ 
ties are little different. 

4. Press-Fitted Assemblies—Light-Wall Section 

Fatigue tests were made on AISI 4134 tubing, 9-in. O. D. by 6% in. 
I. D., which had been quenched and tempered under the five different pro¬ 
cedures indicated in Fig. 13 to induce various residual stress s} r stems in the 
tube wall. A measure of the type and magnitude of residual stress at the 
outer and inner surface resulting from the various heat treatments was ob¬ 
tained by cutting %-\ n. rings off each tube, and measuring the deformation 
of the ring after slitting through one side with a J^-in. milling cutter. The 
change in bore dimensions and slot width due to release of the residual 
stresses in the rings is presented in Fig. 13; physical properties are indicated 
by the individual hardness measurements obtained on each tube, Al to 

E5. 

Press-fitted assemblies were made by mounting a 36-in. diameter wrought 
steel disc of 7-in. thickness on a 9-in. diameter pad or seat formed by ma¬ 
chining away the portion of the tube protruding outside the disc to a 
diameter of 8% in. connected by a 3-in. radius to the disc seat. Rotating 
bending fatigue tests similar to that followed for Fig. 6 were made on these 
assemblies. The individual fatigue test data are shown in Table 3, and indi¬ 
cate the effect of the induced residual stresses on the fatigue strength. 

Groups B and E: The two heat treatments applied here produced rela¬ 
tively stress-free conditions in the tube wall, and show comparable re¬ 
sistance to breaking off in the disc fit, or an endurance limit of about 
14,000 lb. per sq. in. 

Group A: The low tempering temperature used here left favorable com¬ 
pressive stresses on the O. D. as a result of transformation and thermal 
effects. These tubes did not break off in the disc fit at stresses of 22,000 lb. 
per sq. in. Failures which did occur initiated in the body outside of the fit 
and from the inside surface of the tube where residual tensile stresses were 
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present. In addition, the as-pierced condition of the inside wall surface of 
the tube introduced surface irregularities which combined with the un¬ 
favorable residual stress to cause failure at the inner surface. 

Group C: Quenching the 0. D. of these tubes from the tempering tempera¬ 
ture induced favorable thermal compressive stresses on the outer surface 
and tension on the inner wall. No breakage occurred in the fitted portion 
at stresses as high as 19,000 lb. per sq. in. because of the presence of favor¬ 
able residual stresses, but failure did develop from the inside wall surface 
where tension (plus surface irregularities) existed. 

Group D : Here transformation and thermal stresses remained because of 
the low tempering temperature; there was tension induced in the outer 
surface and compression on the inner wall by quenching from the inner 
surface only. This case is particularly interesting because all breakages 
occurred in the fitted portion at stresses as low as 12,000 lb. per sq. in. 
where residual tensile stresses were present; no failure occurred from the 
inner surface in the presence of compressive stresses even with the surface 
irregularities. 

5. Truck Drive Shafts 

Certain thermal and transformation stresses have been found to improve 
the life of rear-axle drive shafts and of the full-floating type shown in Fig. 
14. The shafts were forged from a steel having shell hardening characteris¬ 
tics, such as AISI 1046. Favorable residual stresses were induced by quench¬ 
ing the machined and ground axles from 1550°F. in a 10 per cent caustic 
solution after which they were straightened from the tempering tempera¬ 
ture of 450°F., and then shot peened. A high surface hardness and low 
center hardness were obtained from this treatment. Evaluation of residual 
stresses in Fig. 15 was made by the method illustrated in Figs. 3 and 7. 

Laboratory fatigue tests were made on these shafts in reversed torsion 
to obtain the results given in Fig. 16. It is of considerable practical im¬ 
portance to note the tremendous increase in fatigue life, or strength, of the 
shell-hardened plain carbon-steel shafts over those of two alloy steels ap¬ 
proaching a through-hardened condition. While no residual stress studies 
were made on the alloy-steel shafts it is reasonable to believe that the 
favorable internal stress pattern found in Fig. 15 would not be present. 
Extensive service experience over nearly ten years has confirmed the labo¬ 
ratory findings reported in Fig. 16. Other investigators 19,20 have confirmed 
similar experiences with automotive rear-axle drive shafts. 

Here is a specific case where, by the usual criteria derived from an exam¬ 
ination of microstructure and conventional tensile, impact, and fatigue 
Properties of specimens cut from the shafts, the opinion would be ventured 
by most engineers that the alloy axles would exhibit a fatigue life at least 
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Fig. 14. Location of specimens for residual stress study made on l 2 ^2‘* n * diameter 
rear axle shaft. 
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Fig. 15. Residual stresses in l 2 3^2*in. diameter 1046 steel drive shaft. (Refer to 
Fig. 14 for location of sections on drive shaft.) 


as good as or better than the shell-hardened shafts. Apparently, the role 
of a favorable residual stress pattern largely accounts for the actual im¬ 
proved fatigue strength of the shell-hardened shafts. 

6. Residual Stresses Influenced by Distortion and Heat Treatment 

Heat treating in itself induces residual stresses as a result of thermal and 
transformation phenomena; at the same time the part may develop dis- 
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tortion during heat treatment which induces another stress system. This 
distortional stress may even influence the heat treating stresses because of 
its effect on the transformation temperature. The final stress remaining in 
the part, however, is a resultant of these superimposed stress systems. Dis¬ 
tortion is a frequent occurrence and its influence on residual stresses is too 
often neglected. 

An example of the above case is found in the carburizing and hardening 
of SAE 4G20 steel rings (4-in. 0. D. by 3-in. I. D.). Rowland 21 found the 
nonuniformity of surface stress around the circumference of these hardened 
rings as illustrated in Fig. 17. This plot is so oriented that the 0- and 
180-deg. positions represent the minimum diameter of the rings which 
went out-of-round in this heat treatment. Distortion occurred with un¬ 
ground ring 42 to produce the large variation in surface circumferential 
stress shown; a similar distorted ring 11 was then ground to cleanup with 
the original eccentricity properly identified. From these variations in sur¬ 
face stress one may question the customary assumptions of stress symmetry 
and that the surface of a carburized and hardened part is in compression. 

This example also suggests the futility of using the so-called boring-out 
method when such a condition as that described exists. Other investigators 
have reported the existence of nonsvmmetry 22, 23 . On the basis of these 
findings it would be logical to investigate if there is any relationship between 
such nonsymmetry and the early failure of certain regions of design com¬ 
ponents. 

7. Crankshaft Straightening 

Little information appears in the literature regarding the detrimental 
influence of straightening operations on the fatigue life, or strength, of 
crankshafts for internal combustion engines. The usual machining opeia- 
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Fig. 17. Stress distribution around ground and unground rings. 


tions on crankshafts partially relieve residual stresses which are always 
present in such an intricate shape; this stress relief results in distortion or 
warpage which is then corrected by straightening cold or from some tem¬ 
perature up to the tempering temperature. This practice does not lead to 
the higher fatigue strength required of high output engines; it results in 
premature crankshaft failures generally initiating at the journal fillet and 
running through the crank or web section as shown in Fig. 18. Sometimes 
this condition can be recognized if these failures predominate at certain 
crank throws which are subjected to the greatest deflection in straightening. 
This region represents one of normally high stress concentration, where 
failure may occur regardless of the presence of residual stresses; still earlier 
failure will develop, however, because of unfavorable residual tensile stresses 
produced in the crank-journal fillet during the straightening operation. 

Proper processing of the crankshaft through the machining and heat- 
treating stages can greatly improve the fatigue life. Sufficient tempering 
treatments must be used between the various machining operations both 
before and after heat treatment to control distortion. Furthermore, the 
crankshafts must be properly supported during the quenching and temper¬ 
ing cycles. These apparently simple precautions are sometimes neglected but 
it can mean the difference between failure and success. 

This subject was extensively investigated by Schmidt 24 for double-throw 
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Fig. 18. Fatigue failure in crankshaft. 


aircraft engine crankshafts. Schmidt made fatigue tests on full-throw 
crankshafts* in reversed bending which were (1) not straightened, (2) 
straightened at room temperature by an amount of only several thousandths 
of an inch by plastic bending in a press, and (3) straightened by elastic 
deformation by peening the crank cheeks with the ball head of a hand or 

air hammer. Fatigue results are given in Fig. 19. 

Straightening according to (2) gives an endurance limit 20 per cent lower 
than the unstraightened crankshafts; this loss of fatigue strength was even 
greater for a limited life, being 35 per cent for 50,000 cycles and 27 per 
cent for 100,000 cycles. One shaft straightened at 355°F. instead of at. 
room temperature resulted in no improvement over cold straightening 
Four shafts straightened by hammer peening (3) the sides of the cheeks 
exhibited a fatigue resistance similar to those unstraightened. 

Some explanation was sought for this 20 per cent decrease in fatigue 
strength. Residual longitudinal tensile stresses produced in crank-pin 
fillets from straightening by plastic bending (2) were determined by X-ray 


* Material was a low nickel steel (Flw. 1460.5) heat treated to 16,300-18,500 lb. 
per sq. in. tensile strength. Main journal diameter, 3.39 in.; crank-pin diameter, 

3.07 in. 





methods* to vary between 85,000 to 100,000 lb. per sq. in., whereas those 
produced by elastic straightening (3) were relatively insignificant. 

By consulting the modified Goodman diagram (Fig. 20) for the steel used 
in these shafts it is apparent how for a prestress of R i = 100,000 lb per 
sq. in. the range of fatigue strength is only 60 per cent of that when Ri 
equals zero. This calculated reduction of 40 per cent compares with only 20 
per cent found in the fatigue tests. This difference suggested further study 
to determine if it was due to gradual relief of residual stress by the effect 
of cyclic loading. Therefore a shaft was cold straightened in the usual 
manner, the resulting residual longitudinal stress in the fillets being about 
100,000 lb. per sq. in.; then this shaft was subjected to 500,000 cycles of 
reversed bending slightly below the endurance limit. X-ray measurements 
indicated that this residual stress was reduced to 48,000 lb. per sq. in. 
Referring again to Fig. 20 with a prestress of R 2 = 48,000 lb. per sq. in. 
it is shown that the range of fatigue strength is 80 per cent as great as 
when R 2 equals zero. This calculated 20 per cent reduction then agrees with 
that found in the fatigue test. 

The above explanation has considerable practical significance; it offers a 
method 25 for superimposing the residual stress on that due to the external 
load in order to determine its influence on the endurance limit. These 
stresses cannot be added mathematically as is often done by many investi- 

* Cranks were tempered to 142,000-156,000 lb. per sq. in. in order to obtain an 
accuracy of plus or minus 7000 lb. per sq. in. residual stresses. As a comment, this 
temper treatment would remove some of the residual stresses but Schmidt did not 
discuss this point. 
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STRESSES PLOTTED ARE 
PEAK VALUES IN FILLET 


51000 

* 85000 * 0,6 


S*_ a 68000 
Smax 85000 



S» STRESS RANGE WITHOUT RESIDUAL STRESS 

S,» " “ WITH RES. STRESS R ( * 100000 PSI (BEFORE FATIGUE TEST) 

S 2 « “ " ” " R 2 = 48000 PSI (AFTER 500000 CYCLES) 

Fig. 20. Explanation for reduced fatigue resistance of straightened crankshaft- 
(Schmidt) 


gators; instead it becomes more important to know the equilibrium value 
of the residual stress after cyclic stressing than it is to know its initial 
value. Then it may be possible to use the usual stress-range diagram* as 
was done in Fig. 20. Application should be made of this analysis to other 
problems involving residual stresses as a means of verifying whether it can 
be safely used for design purposes. 

8. Automotive Rear Axles—Straightening and Shot Peening 

The effect of residual stresses on the fatigue strength of the body portion 
of automotive rear axles as induced by production cold straightening and 
shot peening was investigated 26 . These axle shafts were forged from l ll /i6 
in. round bars of NE 8650 steel, quenched and tempered to 388 to 444 
Brinell. The axles were of the design shown in Fig. 21, the diameter at the 
large and small end of the taper being 1Jfe an d 1/32 i n -> respectively. The 

* The biaxial state of stress is neglected here but in many problems its influence 
may not be very great. 



CORRELATION WITH FATIGUE STRENGTH OF MACHINE ELEMENTS 245 



Fig. 21. Automotive rear axles. 

influence on axle fatigue strength of five different conditions is shown in 
Fig. 22, which includes the effect of production straightening and three 
degrees of shot peening. All shafts were tested as rotating cantilever 
beams in machines operating at 1500 to 2200 r.p.m. 

Production-straightened shafts showed an endurance limit of 13,000 to 
16,000 lb. per sq. in., while shafts not straightened had endurance limits 
25 per cent higher, or 20,000 lb. per sq. in. The low value of 20,000 lb. per 
sq. in. for unstraightened shafts is largely due to the decarburized surface 
and possibly tensile stresses existing in this layer 27 ; the decrease after 
straightening is attributed to unfavorable tensile stresses induced. Shot 
peening after straightening increased the endurance limit to as much as 
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Fig. 22. Fatigue strength of automotive rear axles. 


50,000 lb. per sq. in. This large increase is often attributed to the favorable 
compressive stresses induced by shot peening but the microstructure is 
also changed as well as other factors” which do not permit a clear evalua¬ 
tion of this improvement. 

Residual tensile stresses induced in production shafts by cold straighten¬ 
ing were determined by measuring the maximum residual strain in the outer 
fibers under conditions simulating the straightening operation. For an 
estimated amount of straightening in production of Kg inch, the residual 
tensile stress in the outer surface of the shaft was found to be 120,000 lb. 
per sq. in. 
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9. Shafts with Shot-Peencd Fillets 28 

Plain and filleted fatigue specimens (Fig. 23) 1.554 in. diameter, machined 
from normalized and tempered 23^-in. diameter hot rolled SAE 1045 steel, 
were shot peened by mechanical means with three different sizes of shot and 
by air blast with two sizes of shot. Fig. 24 shows the surfaces of the smooth 
turned specimen as well as the visual appearance of the shot-peened sur- 



Sliot No. 2S 
Dia.—0.0188 in. 


Shot No. 22 
Dia.—0.0315 in. 

Peened on Wheelabrator, one pass 


Shot No. 19 
Dia.—0.055 in. 



1 Pass 3 Passes 10 Passes 

B. Peened on Wheelabrator using 0.0315-in. diameter shot 



Shot Dia.—0.055 in. Shot Dia.—0.080 in. 

C. Peened with air blast D. Smooth turned 

Fig. 24. Surface of specimens (x4) before and after shot peening. 
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SICE VIEW 


END VIEW 


Fig. 25. Fatigue fracture at shot-peened fillet. 



faces. These shot-peened specimens, and one lot in the smooth turned con¬ 
dition, were tested as rotating cantilever beams in machines operating at 
1500 to 2200 r.p.m. A fatigue fracture typical of those developed in shot- 
peened fillet specimens is shown in Fig. 25. 

The intensity of the shot blast for each condition of peening was measured 
with both the Almen “A” and “C” strip gages, which may also give some 
indication of the magnitude of the residual stresses in the outer surface of 
the specimen. The arc height values obtained for the various shot sizes, as 
well as the endurance limits obtained for the plain and filleted fatigue 
specimens, are shown in Table 4. Maximum fatigue strength was obtained 


Table 4. Summary of Endurance Limit Values for Shot Peened Fillets 


Surface Condition 

| Shot 
Dia. 
(Inches) 

1 

No. 

Passes 

Arc Height in .001 Inch 

I 

Endurance Limit Values 

AI 

c, 

! c2 

Plain Specimens Filleted Specimens 

^Stress (psi) 

% Stress (psi) 

% 

Polished. 






31,000 

100 26,000 

100 

Shot peened— 









mechanical. 

.0188 

1 

.0108 

.0031 


32,000 

103 28,000 

108 

Shot peened— 







i 


mechanical. 

.0315 j 

1 

.0175 

. 0065 


37,000 

119 27,000 

104 

Shot peened — 









mechanical. 

.0315 

3 

.018 

.007 



35,000 

134 

Shot peened — 









mechanical. 1 

.0315 

10 

.017 

.0085 


j 

; 40,000 

154 

Shot peened — 









mechanical. \ 

.055 

1 

.019 

.010 


34,000 

110 34,000 

131 

Shot peened — air 

1 








blast. 

.055 

10 

t 

.00S5 

.014 


33,000 

12/ 

Shot peened—air 
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blast. 

.oso 

10 


.0105 

.017 


i 33,000 
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12/ 
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with 0.0315-in. diameter shot on both types of specimens. On the plain 
specimen a single pass with 0.0315-in. shot increased the endurance limit 
19 per cent above that obtained on polished nonpeened specimens, whereas 
on the filleted specimen an increase of only 4 per cent was obtained. 
Three passes of 0.0315-in. shot on the filleted specimen gave an increase in 
endurance limit of 34 per cent. 

Increasing the shot size to 0.055 in. and 0.080 in. had no further beneficial 
effect, but actually resulted in lowering the fatigue strength below that ob¬ 
tained with the 0.0315-in. shot. The surface deterioration, or increase in 
surface roughness, coincidental with increasing shot size more than cancels 
out the additional beneficial effect of the cold working obtained with the 
larger shot sizes. 

Here again is a case of favorable residual stresses occurring along with 
strain hardening of the surface layer as a result of shot peening. The im¬ 
proved fatigue strength is generally associated with favorable stresses, but 
both sides of this question have been presented with a review ot the litera- 

• 3 

ture on shot peening . 

10. Shafts with Rolled Fillets 

The results of an investigation by the authors 29,30 on oj^-in. diameter 
filleted shafts of two different R/d ratios, representing the only available 
data on large-size specimens, are shown in Table 5 in comparison with 
earlier studies by other investigators on small-size specimens. The data on 
small-size shafts were reviewed previously 16 in more detail than included 
herein. 

The improvement in fatigue resistance through cold working ranges from 
30 to 64 per cent on small specimens, and from 11 to 30 per cent on large 
specimens. Favorable compressive stresses induced by surface rolling occur 
simultaneously with strain hardening. While residual stresses usually re¬ 
ceive the primary credit for this improved fatigue strength it may be that 
microstructure and even microstresses will be given more than secondary 
consideration as our knowledge on these subjects advances. 

11. Comments on Measuring Residual Stresses 

Many surface treatments, machining and grinding operations, may in¬ 
duce a steep stress gradient or even a stress reversal in a thin surface layer. 
The usual relaxation methods are entirely inadequate in measuring the true 
state of stress distribution and magnitude. 

An example of such a condition is illustrated in Fig. 26 by Rowland 21 
for the stress distribution through the depth of a carburized and hardened 
layer. Here the surface has about 200,000 lb. per sq. in. compressive stress 
and decreases to near zero or mild tension within 0.003 in. below the surface 
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Table 5. Increase in Endurance Limit of Shafts Having Rolled Fillets 

Obtained by Various Investigators 



Endurance Limit (psi) (Rotating Bending) 


Not rolled. 

Rolled. 

21,300 

33,400 

56 

29,700 
50,100 
64 

23,300 
; 36,400 
55 

' 

39,800 

51,900 

30 

18,500 

24,000 

30 

24,000 
27,000 
11 

% increase . 

Physical Properties 

Ultimate (psi). 

58,300 

131,600 

86,000 

121,200 

102,200 

: 94,700 

Yield point (psi). 

39,100 


54,000 

| 77,200 

57,100 

i 51,500 

Brinell. 


236 , 

164 

! 247 

198 

18S 

Specimen 

Dimensions 




1 

d (inches). 

• 

0.709 

0.669 

0.591 

5.250 

5.191 

D (inches). 

0.850 

0.866 

2.953 

6.563 

6.375 

L (inches). 

>D 

>D 

>D 

6.563 

1.625 

R (inches). 

0.030 

0.039 

0.079 

0.281 

1.500 

D/d.; 

1.20 

1.29 

5.0 

1.250 

1.228 

R/d. 

0.042 

0.060 

0.133 

0.053 

0.289 

Reference. 

33 

31 

1 

32 

29 

30 


and then again into appreciable compression. This depth of the region of 
zero stress may have considerable importance where fatigue failure initiates 
below the surface. A new X-ray technique presented by Christenson and 
Rowland 34 overcomes the above objections. It was used to obtain the stress 
systems in Figs. 17 and 2G. The technique involves measurements of both 
the austenite and ferrite lines as stress parameters. Its application offers 
considerable promise in overcoming the diffuse diffraction rings from mar¬ 
tensite obtained from high-hardness steels. 

Henriksen 35 has also reported high values of residual forces in the surface 
layer due to various types of machining operations which may not be 
resolved into terms of stress by the usual relaxation methods. Again the 
validity of the Sachs boring-out method has been recently questioned by 
Foppl 36 . Even the removal of surface layers by etching, as used in measuring 
stress through the depth of a section, may induce additional surface com- 

















Compression-Stress in psi x IO" 3 - Tension 
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Depth in Inches 

Fig. 26. Stress distribution in depth of carburized and hardened 1620 ring. 

pressive stresses depending upon the chemical or electrolytic procedure, 

• * 3T 

material, and heat treatment employed, according to Lihl '. He reported 
that the only etching process which did not produce stresses of any im¬ 
portance was electrolytic etching in a very dilute acid. 
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Effect of Residual Stress on the Failure 

of Engineering Materials 

D. ROSENTHAL 


Abstract 

Residual stress of the proper magnitude and state can reduce 
to almost nothing, or conversely double the load stress for yield¬ 
ing; but plastic deformation preceding fracture ordinarily appears 
to be sufficient to eliminate any amount of pre-existing residual 
stress even in the case of the low-temperature brittleness of steel. 
The effect of residual stress on crack propagation cannot be pre¬ 
dicted for lack of a better understanding of the process of crack 
propagation itself. Dynamic fractures below the critical impact 
velocity are affected by the residual stress in the same manner as 
static fractures. 

In variance with the static and dynamic fractures the situation 
in fatigue is not only better understood but also more predictable. 
If the fatigue strength of the (stress-free) specimen is such that 
the local stress is close to the yield point, the residual stress will be 
relieved during cycling, and the fatigue strength will not be af¬ 
fected. On the other hand, if the local stress is well below the yield 
point, the residual stress will be maintained and its effect on the 
fatigue strength can be predicted on the basis of a modified Good¬ 
man diagram. The cases in which the local value of the fatigue 
stress exceeds the yield point require further study. 

From this review it is concluded that much of the uncertainty 
regarding the effect of the residual stress failure comes from the 
lack of information regarding the criteria of failure themselves. 
Future work should therefore be directed mainly toward the latter 
objective. 


1. Introduction 

The paucity of information regarding the effect of residual stress on the 
failure of engineering materials stands in sharp contrast to the wealth of 
data pertaining to the methods of measurement, origin, and magnitude of 
these stresses. This statement is based on a recent review of the subject 1 . 
Even where the influence of the residual stress has been more fully investi- 
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gated, as, for example, in fatigue, the information is by no means complete 
as will appear later. The purpose of this paper is to deal briefly with the 
various aspects of the subject. Particular emphasis has been placed on 
fatigue because of its practical importance and some recent work in this 
field. 


2. Failure by Yielding 


In the elastic range the residual stresses are simply superimposed on the 
load stresses. Therefore, the deformation produced by the load stress does 
not depend on the presence of the residual stress below the yield point. 
However, the criterion for yielding does depend on the residual stress, since 
it formulates the limiting condition for the elastic behavior. In fact, the 
criterion for yielding appears to be the criterion of failure which is most 
deeply affected by the residual stress. To be sure, the exceeding of the yield 
point is of little concern in many cases where static conditions prevail, and 
the material exhibits strain hardening. It is even of less concern when the 
yielding is due in part to the presence of the residual stress. Since the 
latter is balanced within the structure by an equal amount of residual stress 
having opposite sign, only a part of the structure is affected by the yielding. 
However, where permanent set is to be avoided the criterion for yielding 
is important, and so is the residual stress. The autofrettage of gun barrels 
is a case in point. Here the role of the residual stress was recognized long 
ago, and computations are available to account numerically for its effect on 
the external loading 2 . What appears to be less widely known is the fact that 
very definite limits can be assigned to this effect in all possible cases. This 
conclusion follows from the criterion of yielding. For quasi-isotropic poly- 
crystalline metals a valid criterion for yielding is the critical value of the 
octahedral shear stress, r oc t , which can be expressed in terms of the three 
principal stresses cu , cr 2 , and a 3 as follows"*: 


Toct 


= -3 \/ Ol — 02 ) 2 + (02 — 03 j 2 + (03 — 0 l) 2 - 


V2 


Y.P . (1) 


where Y.P. is the yield point in uniaxial tension. When residual stress is 
present ai , cr> , and cr 3 are the principal stresses of the state obtained by 
superimposing the residual stress on the load stress. 

For the sake of simplicity, criterion (1) can be replaced in many cases by 

* It will be recalled that the state of stress is completely specified by the values 
and directions of the three mutually perpendicular (principal) stresses a 1 , <t 2 , and 
<73 , and that the shear stresses in these directions are nil. <j\ is the maximum, and <r 3 
is the minimum normal stress of the state. 
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the mathematically more tractable criterion 

Tmax = = f Y.P. (2) 

where T mar is the maximum shear stress and m a coefficient comprised be¬ 
tween 1 and 1.15 2 . On this understanding it is shown in the Appendix that 
in the presence of the residual stress it may be possible to double the maxi¬ 
mum shear stress due to loading. That is, if a iL and a^ L represent the maxi¬ 
mum and minimum value of the load stress, the following relation exists 
with rrimax = 1.15: 


1.15 Y.P. > aiL a3L > 0. (3) 

The validity of relation (3) has been checked experimentally for uniaxial 
and biaxial states of stress 3,4 as well as for the case of autofrettage 5 . 

Note: Several investigators have reported 13 that surfaces of metals sub¬ 
mitted to tension appear to be softer (larger indentation under equal load) 
than surfaces submitted to compression. The former effect appears to be 
more pronounced than the latter. It is of interest to note that a satisfactory 
explanation of this discrepancy has been offered using a criterion similar to 
(3). Likewise, a method for the determination of the residual stress from 
hardness readings has been suggested, which is based on this criterion 14 . 

3. Static Fracture 

With the possible exception of glass, static fracture is preceded by plastic 
deformation of various amounts. Even in the case of the so-called brittle 
fracture of steel, at temperatures close to that of liquid nitrogen, localized 
plastic deformation of the order of 4 per cent has been estimated from the 
X-ray line broadening 6 . The effect of plastic deformation on the residual 
stress is well known. At the onset of plastic flow the magnitude of this 
stress is reduced in accordance with criterion (1) as long as the load stress 
remains below the yield point 3 . Thereafter, the load stress imposes its own 
pattern of residual stress 3 the nature of which is complicated by the micro- 
stresses. The residual stress induced by the load stress may often cause 
failures, as, for example, in the case of overdrawn tubing 1 . However, this 
type of residual stress affects mainly the fabrication processes. It is of little 
interest to the structural engineer whose main concern is failure due to 
initial residual stresses locked up in the structure. So far this concern does 
not seem to be justified. Even in the case of the brittle fracture considered 
previously, the amount of plastic deformation preceding failuie is sufficient 
to wipe out any pre-existing residual stress. However, since the criterion 
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for brittle fracture has not been formulated with certainty, nothing definite 
can be said about the influence of the residual stress. If a truly brittle onset 
of fracture is possible, then according to (3) the residual stress can be of 
influence provided failure occurs before the maximum applied shear stress 
reaches the value of 1.15 Y.P. Fig. 1 shows the type of residual stress which 
by being superimposed on a uniaxial load stress could bring about this con¬ 
dition. However, the experimental evidence is lacking. 

The effect of residual stress on crack propagation is another point worthy 
of closer scrutiny. Theoretically, if the rate of crack propagation exceeds 
the rate of plastic flow the crack can grow at the expense of the residual 
elastic energy released by the process, much in the same way as the Griffith 



Fig. 1. Increased load stress at yielding due to residual biaxial stress, ci—load 
stress; 0-2 and = Yi <r 2 —residual stress. Assuming that the residual state of stress 
is almost at the yield point, criterion (A9) of the Appendix shows that no 3 'ielding 
under load stress occurs until <j\ = 1.72 Y.P. Therefore, brittle failure can develop 
if the fracture stress is smaller than 1.72 Y.P. 

crack 8 *. However, the exact formulation of this process requires further 
study. 

4. Dynamic Fracture 

Barring the effects of low-temperature brittleness discussed previously, 
the fracture under impact loading is preceded by plastic deformation, pro¬ 
vided the rate of deformation is lower than the critical impact velocity . 
Therefore, a relief of the residual stress can be expected below the critical 
velocity much in the same way as in the static test. This expectation has 

* 3 

been borne out by experiment. 

Above the critical impact velocity no relief of the residual stress can 
occur. However, the normal fracture stresses determined from a series of 

0 

* Examples cited in this monograph (Spraragen, Campus, Arnott) seem to in¬ 
dicate that such a process can actually occur under a particular set of circumstances. 
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explosive tests on various materials appear to be of the order of several 
hundred thousand lb. per sq. in. 10 . This value is of one order of magnitude 
higher than the values of the residual stress which has been induced so far 
in these materials by various processes 11,12 . Under these circumstances the 
influence of the residual stress on the explosive loading is not expected to 
exceed the order of 10 per cent which appears to be in good agreement with 
the results of direct testing 11 . 

5. Fatigue Failure 

Perhaps the greatest amount of work involving the effects of residual 
stress has been done in the field of fatigue. This situation is easy to under¬ 
stand if one examines the possible interaction between the residual and load 
stresses on the basis of a modified Goodman diagram (Fig. 2). In this dia¬ 
gram the curve ABC represents the relation between the upper and lower 
values of the fatigue stress plotted as ordinates and abscissae respectively. 
If DOC is a line drawn at 45° to the axes, then the portion of the ordinate 
intercepted between ABC and DOC is the range of stress. It is also the safe 
range for a given number of cycles if the upper limit corresponds to the 
fatigue strength at this number of cycles. It is seen that as the limits be- 


c 



Fig. 2. Modified Goodman diagram. <n —lower limit; <r u —upper limit. 
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tween which the stress oscillates are shifted toward lower values, the safe 
range is increased. Ihis shift, however, can be accomplished without chang¬ 
ing the external loading, merely by superimposing residual compression on 
the fatigue stress. Thus, the presence of residual compression should result 
in the increase of the fatigue strength, the converse being true for residual 
tension. In practice most of the fatigue failures originate at the surface. 
Therefore, by setting up the proper type of residual stress, i.e., compres¬ 
sion on the surface and tension in the interior, it should be possible to 
improve the fatigue strength of many structures. With the help of the 
Goodman diagram, it should be possible even to predict the magnitude of 
the improvement. 


In variance with this expectation early experiments either failed to show 
any definite influence of the residual stress on fatigue 15 , or revealed only a 
small influence, of the order of 15 per cent 16 . This result was out of propor¬ 
tion to the amount of the residual stress induced. In due course, it was 
realized that in the above tests the residual stress was relieved by the appli¬ 
cation of the load stress 16 . However, the proper technique was lacking to 
follow up the changes produced. Likewise, no attempt seems to have been 
made to relate quantitatively the relief of the residual stress to the amount 
of the applied stress. 

Considerably greater improvements in fatigue were obtained by submit¬ 
ting the surface of the specimens to special treatments of physicochemical 
or mechanical nature 1 . However, in all these treatments the process of 
setting up the residual stresses was accompanied by structural or phase 
changes which made quantitative predictions difficult, to say the least. 

More recently the effect of structural changes was minimized by sub¬ 
jecting notched specimens to only a small amount of prestraining, less 
than 1 per cent, when setting up the residual stress 21 . Likewise, the changes 
of the residual stress caused bv loading were followed continuously by 
means of the nondestructive X-ray technique 3, "°. In this manner the relief 
of the residual stress by the load stress could be explained satisfactorily on 
the basis of the criterion of yielding given previously. Equally satisfactory 
predictions could be made regarding the influence of the residual stress on 
fatigue by using the Goodman diagram 1 '. As a result, a tentative criterion 
for the influence of the residual stress on the fatigue strength of notched 
specimens was formulated for the case of a uniaxial state of stress. For this 
case equation (A8) of the Appendix reduces to: 


& L T" <?R | ^ Y.P. 



Here a L is the load stress at the point of initiation of failure and a H is the 
corresponding residual stress. Depending on the sign of a R , a L represents 
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the upper or the lower limit of the range, as will appear shortly. For the 
upper limit of the range, 07 , can be written as follows: 


<tl 




where F.S. is the fatigue strength of the (unnotched) material, K t is the 
stress concentration factor of the particular notch geometry, and Kj is the 
so-called fatigue strength reduction factor 16 *. K f is generally smaller than 
K t by virtue of the “size effect” which causes the fatigue strength of a 
small volume of material around the notch to be greater than the fatigue 
strength of a relatively large volume of material in a uniformly stressed 
specimen 19 . 

(1) When the residual stress has the same sign as the upper limit of the 
range, expression (5) can be substituted for a L in (4). This jdelds after a 
rearrangement of terms 


Y.P. 

F.S. 




Obviously, a necessary condition for the residual stress to be of influence is 
that there be some left after the application of the fatigue stress. This con¬ 
dition requires that 


Y.P. 

F.S. 





(2) When the residual stress is compressive and has the same sign as the 
lower limit of the range, condition (7) must be replaced, as is easily seen, 

by 


Y.P. 

F.S. 




where R is the ratio of the lower to the upper limit of the safe rangef. 

In effect, these two rules specify that no residual stress can remain unless 
there is some margin between the yield point and the local value of the 
fatigue stress. Only then can the residual stress affect the fatigue strength. 

As an example, the alternating fatigue strength, F.S., of an annealed 
mild steel at 2 million cycles is very close to the Y.P. Consequently, by 


* More specifically, K f 


Fatigue strength of unnotched specimen 
Fatigue strength of notched specimen 


t The case when the residual stress has a different sign from both limits is dis¬ 
cussed later. 
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Fig. 3. Influence of residual stress on the fatigue strength of notched G1S-T6 
aluminum alloy. 


(7) and (8) the influence of the residual stress on the fatigue strength should 
be very small or nil, since K t /Kf ^ 1. This conclusion has been borne out 
by experiment 20 . A similar result was obtained in the case of a notched 
aluminum alloy, 61-S, in which by a low temperature annealing the ratio 
Y.S./F.S.* was decreased below the ratio K t /K f . Specifically, Y.S./F.S. 
= 1.42, whereas K t /K f = 1.47 1 '. On the other hand, the same alloy in the 
precipitation hardened condition, 61S-T6, was greatly influenced by the 
residual stress, as shown in Fig. 3. In this case, however, the ratio Y.S./F.S. 
= 2.65, while K t /K f was still = 1.47. 

To obtain a more quantitative prediction, the amount of the residual 
stress left after the application of the load stress is computed by using 
criterion (4) with Y.S. substituted for Y.P. This amount is then plotted on 
the Goodman diagram adapted to the particular notch geometry 17 , and the 
modified safe range is determined from the corresponding shift of the two 
limits of the range. Table 1 shows the computed and experimental values 
for the case of the notched 61S-T6 alloy discussed previous^. The dis¬ 
crepancies are within the experimental error. 

Predictions based on the Goodman diagram may be in error, when the 
upper and lower limits of the range have the same sign, which is different 


* For metals which do not have a pronounced yield point the stress at which they 
exhibit a specified limiting set (plastic elongation) is used as a criterion for yielding. 
This stress is called yield strength, Y.S. (Metals Handbook, 1948, page 16). In man}- 
ductile metals the onset of measurable plastic elongation occurs within a sufficiently 
small range of stress to justify a nearly horizontal approximation to the stress-strain 
diagram beyond the Y.S. on the scale of elastic strains. 
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Table 1. Influence of Residual Stress on the Fatigue Strength of 61S-T6 

Aluminum Alloy 17 




1 

;Fatigue strength (lb. per sq. in., at two million cycles) 

Residual Stress 

Range 



(lb. per sq. in.) 

Measured 

Predicted from 
Goodman diagram 



<+4000\ 1 

>-4000/ 

Reversed 

8500 

— 

-13,000 

Reversed 

11,000 

9600 

+24,000 

Reversed 

6000 

6400 

<+4000\ 

>-4000/ 

Pulsating 

13,500 

• 

-11,000 

Pulsating 

17,500 

15,700 

+11,000 

Pulsating 

11,500 

11,600 


from that of the residual stress. In this case, the magnitude of the residual 
stress is unaffected by the load stress, but the latter can induce a residual 
stress of its own in the originally stress-free specimens if the upper range of 
the fatigue stress exceeds the yield point. The importance of prestressing 
can thereby be greatly minimized. 

So far there exists no satisfactory mathematical treatment of the residual 
stress induced by overstraining beyond the yield point, except in a few 
cases 22 . This circumstance limits the application of criteria (7) and (8) to 
those ranges of the fatigue stress which lie below the yield point. The ex¬ 
tension beyond the yield point requires further study. 

6. Conclusion 

From the above review it follows that much of the uncertainty regarding 
the influence of residual stress failure comes from the lack of information 
regarding the criteria of failure. This is particularly true in the case of the 
so-called brittle failure at low temperature and the fatigue failure. The 
conditions under which the locked-up energy can contribute to a spontane¬ 
ous crack propagation also appear worthy of a deeper study. As happens 
more and more often nowadays, the solution of the practical problem 
which confronts the engineer rests on a better understanding of the funda¬ 
mentals which govern the behavior of engineering materials. 

Appendix 

Relation between Residual and Load Stresses at Yielding 

Consider a system of coordinates x, y , and z aligned with the principal 
directions 1, 2, and 3 of the combined load and residual states of stress. If 

i T xy > T uz i and t zz are components of stress referred to x , ?/, and 
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z and L and R are additional subscripts denoting load and residual stresses, 
respectively, the following six relations exist: 


< r xL 

+ 

G xR 

= 0-1 

(Al) 

T xyL 

+ 

7 xyR 

= 0 

(A4) 

CyL 

+ 

VyR 

= <7 2 

• (A2) 

TyzL 

+ 

t VzR 

= 0 

(A5) 

OzL 

+ 

GzR 

= (T 3 

(A3) 

TzxL 

+ 

7 zxR 

= 0 

(A6) 


Substitution of (Al) and (A3) in expression (2) of the main body of the pa¬ 
per yields after rearrangement of terms: 

(?xl — (J Z L + (r xR — d zR = mY.P. (A7) 

Depending on the sign of the load and residual stresses two possibilities 
arise. Either 

| <*xL — (T;L I + I VxR — <T zR | = mY.P. (A 8 ) 

or 

Vrz, — Ozi | — | (t xR — <Jzii | = mY.P * (A9) 

From relations (A 8 ) and (A9) the lower and upper limits for the load state 
of stress are obtained by making 


&xr Gzr — C\r — (Tan > 


(A 10) 


where <r\ R is the maximum and <r 3/? is the minimum residual principal stress. 
Tn this case, however, the residual shear stress components t xvR , t vzR , and 
Tzxr disappear. Hence, by (A4) to (AG) the load shear stress components are 
also nil, and g x l and a zL become the principal stresses. But expression 
(A10) is limited by the yielding criterion 


<t\ r <jzr — mY.P. 


(All) 


On this understanding it is easy to see that a xL becomes a\ L and a zL be¬ 
comes aaL , and the two relations (A 8 ) and (A9) yield 

2 mY.P. < | (Til — (t&l | ^ 0 . (A12). 
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Residual Stresses and Static Fracture 


Comments on “Effect of Residual Stress on the Failure of 

Engineering Materials” by D. Rosenthal 


W. M. BALDWIN, JR. 


Editorial Abstract 

The author reasons that the argument that plastic deformation 
preceding brittle failures is sufficient to wipe out pre-existing 
residual stresses does not necessarily preclude residual stresses 
initiating fracture. 


In his paper, under Section 3, “Static Fracture,” Rosenthal reasons that 
the plastic deformation preceding brittle failures is sufficient to wipe out 
any pre-existing residual stresses. This might lead the unwary to feel that 
there is no possibility of residual stresses initiating fracture. There is too 
much evidence to the contrary to permit this impression to go unchallenged 
or at least untempered. MacGregor and others in this monograph cite a 
number of examples (as Zener 1 did before them) of spontaneous fractures in 
highly stressed metals. One hesitates to attribute these failures to residual 
stresses if one adopts the hypothesis that plastic deformation preceding the 
failure wipes out the residual stress system. Actually, however, the reaction 
of a chemically homogeneous metal to a residual stress state (or any stress 
state) can be highly inhomogeneous. Zener 2 has outlined this mechanism 
too well to be repeated here in detail. Suffice it to say that certain regions 
(whose volume as Zener 3 shows can be a relatively small proportion of the 
total volume of the metal) can relax under the effects of a gross stress state 
and by this redistribution of the stresses produce in other localized regions 
the conditions necessary for fracture. 

This effect can be so strong under some exaggerated conditions that such 
“ductile” metals as nickel or copper can fracture brittlely. Crittenden et al. A 
found that evaporated films of these ductile metals deposited at liquid- 
nitrogen temperatures cracked brittlely and profusely when brought up to 
room temperature. When deposited, the films are loaded with high stresses 
as well as high concentrations of such physical inhomogeneities as lattice 
vacancies and dislocations. Raising the temperature merely caused relaxa- 


267 



268 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 


tion at some of these inhomogeneities and fracture at others, in much the 
same manner that raising the temperature of the projectiles described by 
Zener hastened spontaneous fracture. It should be understood that an 
increase in temperature is not necessary to the spontaneous failure; it 
merely hastens the rate process (relaxation) that triggers the failure. 

It is true that these facts hardly form a coherent picture of all the ways 
in which residual stresses can cause static failure, but conversely, they are 
serious considerations that must be seriously refuted before one can allow 
that residual stresses can not cause fracture. 
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Author’s Reply to Baldwin’s Comments 


On the “Effect of Residual Stress on the Failure of Engineering 

Materials” 


D. ROSENTHAL 


Commenting on my discussion of the relief of the (macroscopical) residual 
stress by plastic flow, Baldwin cites a number of examples of spontaneous 
fractures whose initiation he attributes to residual stress. Similar examples 
of spontaneous fractures were attributed in the next paragraph of my 
paper to the influence of residual stress on the propagation of the already 
initiated cracks. So the “unwary/* if he troubles to read the whole section, 
is left with a choice between two equally hypothetical explanations until 
such a time when the mechanism of fracture is fully understood. The quali¬ 
tative picture of this mechanism by Zener 1 (and the quantitatively more 
elaborate model by Eshelby, Frank, and Nabarro 2 ) are certainly helpful, 
but still too hypothetical to bother about the second-order influence of the 
kind of residual stress considered here. 

On the other hand, the relief of this residual stress by plastic flow is an 
experimentally established fact. The relation between the residual stress 
and the applied load which has been derived from the criterion of yielding 
is in agreement with this fact. The above criterion shows that the residual 
stress gradually disappears as the external load approaches the value which 
satisfies the criterion for yielding when no residual stress is present. 

It is quite possible that a local onset of yielding may originate a crack 
before the residual stress has had time to disappear elsewhere, in less 
critically stressed regions. In fact, this assumption was implied tacitly in 
our interpretation of spontaneous failures. However, there is no reason to 
reject one established fact, merely because other facts are not fully under¬ 
stood yet. 
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Measurement of Residual Stress 


D. ROSENTHAL 


Editorial Abstract 

The author discusses the assumptions and the principles which 
underlie primarily the application of mechanical methods of 
measuring residual stresses. After a brief discussion of the effects 
of microstrcsses on the results of measurement, the author con¬ 
siders that the mechanical methods measure only macrostresses. 

Residual stresses are determined by actually measuring strains 
or deflections, and the necessary sensitivity of the instruments 
in the two cases is likely to he quite different. 

The methods of measurement are classified as destructive and 
semidestructive. The application of destructive methods when 
the state of stress is uniaxial, biaxial, and triaxial is illustrated by 
considering residual stresses in bars and rings, plates and shells, 
and thick-walled tubing and thick plates, respectively. The semi¬ 
destructive “trepanning” and “hole” methods arc examined crit¬ 
ically and tlicir limitations pointed out. 

The conclusions sum up the answers to the question, “What is 
actually being measured?” 


1. Introduction 

Several papers of a more or less recent origin have dealt with the various 
methods of residual stress measurement, some of them even in considerable 
detail. The most recent survey 1 lists no less than sixteen mechanical meth¬ 
ods and some twenty odd physical methods. This variety of methods is 
convincing proof that residual stress still arouses considerable interest in 
technical circles. However, no useful purpose can he served by going over 
the methods which have already been described and which can be found in 
refs. 2, 23, 24, 25. Instead, it may be more profitable to dwell somewhat on 
the assumptions and principles which underlie the application of these 
methods. One of the more pertinent questions appears to be: “What really 
is being measured?” This question has been raised recently in regard to 
X-ray stress measurements 1 , but other cases would seem to bear similar 
scrutiny. It may be worth while to ask, for example, What is being meas¬ 
ured by the Sachs boring-out method when the cylinder is shorter than, 
say, three times the diameter? In dealing with these questions it will be 
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found convenient to depart from the historical trend, which has been 
followed in most references. 

2. Types of Residual Stress 

The first question which may well be asked is, What type of residual 
stress is being measured. Orowan 3 distinguishes between body stresses and 
textural stresses. The former may arise when an external factor (e.g., a 
nonuniform stress or temperature) affects differently different parts of the 
body, even though the material of the body is homogeneous. The latter may 
appear as a result of structural inhomogeneities in the material itself, even 
though the external factor is homogeneous (e.g., a bimetal strip deformed 
in simple tension beyond the yield strength of the weaker component). 
Usually body stresses are balanced over portions of the body which are 
large compared to the (micro)structure. This in general is not true for the 
textural stresses. Hence, the more common terms of macro- and micro- 
stresses. As a rule the mechanical methods (slicing, trepanning,, etc.) involve 
portions of the body in which the microstresses are pretty well balanced. 
Hence, mechanical methods mostly measure macrostresses. The case of the 
physical methods 4 is more complicated, since the property measured (e.g., 
magnetic hysteresis) may be affected by the intensity, rather than the sign 
of the microstresses. The X-ray diffraction technique which measures 
lattice strains is free from the above shortcoming. However, the elements 
of microstructure which contribute to the X-ray diagram are not nearly as 
random as in the case of mechanical measurements. As a rule, they sample 
a particular phase or particular class of grains, and the restriction may be 
sufficient to reveal a net effect of the microstress that is different from zero. 
In this case the lattice strains will measure the combined effect of macro- 
and microstresses. There is good evidence that this is really what happens 
when X-ray measurements are confined to one crystallographic direction 
(one set of diffraction lines), although the influence of microstress is different 
for different materials 5 . Whether this circumstance renders the X-ray stress 
analysis less “reliable” than the mechanical methods 1 , or, on the contrary, 
makes it more “realistic” than the latter is a moot question. One could 
equally well argue that a local exploration of stress at a notch by means ot 
a strain gage is less reliable than the average stress obtained from the meas¬ 
urement of the applied load. The real point at issue is not which of the 
methods is more reliable, but whether they measure the same thing. Hie 
answer is that X-rays measure the effect of macrostresses no less than the 
mechanical methods do, but they also measure local effects of microstresses. 
These effects depend on the material and the amount of plastic deforma ion 
responsible for the residual stress. Under specific experimental conditions 
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the effect of microstresses can be entirely neglected 6 . Since a special paper 
in this monograph is devoted to X-ray strain measurements 6 , the remainder 
of this review will be limited to mechanical methods*. 

3- General Characteristics of Mechanical Methods 

A. Techniques and Devices 

All mechanical methods of residual stress measurement are essentially of 
a destructive character. To reveal the residual stress, they resort to sec¬ 
tioning of the body and measurement of the dimensional changes which 
occur in one part of the body when the other part is removed. The ob¬ 
served changes of dimensions can then be ascribed almost entirely to the 
relaxation of constraints which one part exerts on the other, provided the 
process of subdivision does not cause disturbances of equal magnitude. 
This latter point can be checked easily by sectioning stress-free samples of 
the same material. 

The relaxed quantities which are usually measured after sectioning are 
deflections and strains. A sensitivity of Koooo bi. quite sufficient for the 
former and it can easily be achieved by the use of standard equipment of 
the gage laboratory. But the measurement of strain often must be carried 
out to better than lCT d (e.g., 10 micro-inches/inch), and special measuring 
devices, strain gages and extensometers, are required for this purpose. 
Bonded resistance wire gages represent one common type of these devices. 
They have been used extensively and with considerable success in residual 
stress work and are too well known to warrant more than passing mention. 
Earlier attempts to achieve equal or better sensitivity with purely mechani¬ 
cal devices have resulted in the development of a very sensitive extensometer 
described by Dr. R. Gunnert of the Svenska AB Gas Accumulator Stock¬ 
holm 7 . In this instrument the extension or contraction of a twisted ribbon 
of phosphor bronze is translated into a rotation about its axis. The resulting 
amplification makes it possible to measure dimensional changes close to 
±0.1 micron. One of the important features of the instrument is the absence 
of friction as there are no moving parts. In actual measurements of the 
residual stress in welds a reproducibility of better than one micron has been 
obtained with this instrument 7 . 

The computation of the relaxed stress from either deflection or strain is 
based on the assumption that the dimensional changes caused by the relaxa¬ 
tion are purely elastic. 

* There is one other feature of the X-ray diagrams which is related to the residual 
stresses, namely line broadening. However, there is good evidence that line broaden- 
,n K is due to a type of microstress which is balanced on the scale of a mosaic structure, 
le > within a single grain. Its effect on the lattice strain is still to be determined. 
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B. Classification and Subdivision of the Mechanical Methods 

The mechanical methods of residual stress measurement can be and in¬ 
deed have been, classified in a variety of ways. From the practical point of 
view the distinction between totally destructive and semidestructive methods is 
perhaps the most useful; for the latter produce only local damage which 
generally can be repaired, whereas the former destroy the object beyond 
any hope of repair. In both instances the computation of stress from 
strains and deflections involves assumptions regarding the state of stress. 
The state of the relaxed stress depends on the manner in which the process 
of subdivision has been carried out. In the following we shall examine under 
what conditions the state of the relaxed stress can be treated as wm'axia), 
biaxial or friaxial. For the sake of clarity we shall treat the totally de¬ 
structive and semidestructive methods separately, although this distinction 
is immaterial in many cases as will appear subsequently. 

I. Destructive Methods 

Although the subdivision is carried out usually in several steps, two main 
steps can be recognized generally in the process. In the first step the struc¬ 
tural part (beam, bar, or plate) is separated from the surrounding as a 
whole. The residual stresses relaxed in this step are called reaction stresses. 
In the succeeding step thin layers of material are removed from the part 
itself, thus relaxing stresses due to layer interaction. We shall call these 
residual stresses layer stresses. This distinction between the two types ot 
stress is justified on two grounds. In the first place, the reaction stresses 
often are the only residual stresses which are considered to be of interest, 
e g., in welded ships 9 . Second, the computation of reaction stresses is rather 
straightforward, while that of layer stresses often involves several pre¬ 
liminary operations (continuous recording of results, plotting of curves, 
determination of their slopes and areas) and thus is more tedious and 

lengthy than the former. rH .- no , 

The distinction is not always as clear as stated. For example, the splitting 

of a ring or tube (Fig. 3) relaxes a type of stress which has nothing to do 

with the surrounding. Yet from the point of view of computation it is 
clearly a reaction type of stress, since it is due to end, rather than lay 

constraints. 


(a) Uniaxial State 

The residual reaction stress in long and narrow bars (straight or curved) 
„„ n bp sufficiently well approximated by a single stress acting in the dire 

tion of the axis, provided two conditions are fulfilled: (a) p'^dc a a 
bar exceeds twice its thickness and (b) the measurements are made a 
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distance from the ends which is greater than the thickness of the bar (by 
the de St. Venant principle). 

(1) Straight Bar 

If the bar is a part of a larger structure a cut at one end, e.g., at CC\ 
Fig. 1, will relax reaction stresses as a result of an axial force and bending 

moment acting at this end. 

These stresses can be easily computed by means of the elementary beam 
theory from either the strains measured on top and bottom of the bar, or 
the over-all change of length and curvature ot the bai. 

By virtue of the linear stress distribution postulated in the beam theory 
the axial stress a' at a distance 2 from one of the faces reads as follows 

(Fig. 2): 

in terms of top and bottom strains, e/ and ,t 

t + *b , ~~ *b h — 2 z 

2 ~ 2 ’ h 

in terms of average change of length €o and curvature 1/p — 4> , 

c' = E (*. + ]l -=^ 0') (2) 

Removal of successive layers of uniform thickness from top or bottom of 
the bar will cause further relaxation of stress in the rest of the bar owing to 
forces acting on the removed layers. If a continuous plot is made of the 
dimensional changes produced by the relaxation, the stresses lelaxed in the 

* The curvature is determined either from the deflection of the bar, or the sagitta 
of a chord of known length, 
t E is Young’s modulus. 
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Fig. 2. Computation of reaction stress at a distance z from the top. 


removed layers can be computed by using essentially the same beam theory 
as before. However, one additional assumption must be made, namely that 
the stress varies only in the thickness direction. This assumption is the 
more justified the shorter the beam (within the limits of the beam theory). 

The dimensional changes can be expressed in terms of either deflections 
or strains. 

In terms of strains, if tb" is the strain measured at the bottom face of the 
bar (Fig. 2), the axial stress in the layer 2 will read 8 

•" - e [5 t <* - *> - 2 **"+- *> r <if® 

By substituting the deflection for strain, one of the earlier formulae for 
stress can be derived. 10 However, a more general formula obtains if the de¬ 
flection is converted to curvature <£". There follows 20 

</' = [ (/t ~ zyd -ir + 4(/t _ 2) *" - 2 jf *"*]■ (4) 

The total stress relaxed in the axial direction, or the residual stress in the 
layer z is then 

a = a' + a". ( 5 ) 

Note : Formulae (3) and (4) apply only to narrow rectangular cross sec¬ 
tions. For circular cross sections see ref. 11. 

(2) Curved Bars and Rings 

Essentially the same beam theory applies to thin curved bars and rings 

(Fig. 3). 
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C' 


Fig. 3. Relaxation of reaction type stress by splitting a ring. 

As in the case of the straight bar, the cut at CC' of the curved bar or the 
splitting of the ring at CC' relieves the reaction stress, while the removal of 
successive layers relieves the layer stresses. 

However, in closed rings the process of removal of layers (by etching) 
may be carried out before the ring has been split. A correction for the 
relaxation of the reaction stresses must then be included in the computa¬ 
tion. Details of this computation are similar to those derived for tubes and 
mentioned subsequently. 

(b) Biaxial State 

The residual stress in plates (sheets) and shells (thin-wall tubing) can be 
sufficiently well approximated by a biaxial state of stress parallel to the 
surface, provided the following two conditions hold: (1) the thickness is 
small as compared to the two other dimensions, and (2) the measurements 
are made at a distance from the edges which is greater than the thickness of 
the plate or shell*. 

(1) Plates ( Sheets ) 

If the plate is a part of a larger structure a cut along its periphery wall 
relax reaction stresses as a result of forces and moments acting on the 
periphery. 

These stresses can be computed by means of the ordinary plate theory, 
usually from the strains measured on the top and the bottom of the platef. 

Thus, if e x and e v are the strains measured in the x and y directions on 
the top, the reaction stresses a x and <r v relaxed on the top read, if y is Pois- 

* The writer is not familiar with any experimental result which sets a limit to the 
width or length of the plate. By an extension of the de St. Venant principle four to 
five times the thickness appears to be a reasonable limit. 

t If one face of the plate is inaccessible, the same information may be obtained 
from strain and curvature measured on one face only. The curvature is measured by 
means of a fleximeter 13 . 
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son’s ratio: 




(e* + H6y) 




fa + /*«*)- 



The reaction stresses a x and a y on the bottom face of the plate can be 
computed in a similar fashion from the strains measured on this face; 
hence by virtue of the linear stress distribution through the thickness 
(postulated in the plate theory) the stress at any level from the surface can 
be obtained by linear interpolation from the top and bottom stresses. 

Removal of successive uniform layers from the plate will cause further 
relaxation as a result of forces acting on the removed layers. By proceeding 
as in the case of straight bars, formulae similar to (3) and (4) can be derived, 
provided it is justifiable to assume that the layer stresses vary only in the 
thickness direction 20 . In practice it may be found more convenient to cut 
narrow blocks or strips in the desired direction and proceed in the manner 
described previously for uniaxial stress 8 . If a complete biaxial stress picture 
is to be obtained the value of strain in an additional direction in the plane 
of the plate must be measured. The biaxial state of strain can then be 
described by suitable formulae or graphical representation 21 . 


(2) Shells ( Thin-Walled Tubing) 

Essentially, the computations and assumptions of the plate theory can 
be applied to thin shells. The most common case is that of thin-walled 
tubing. By slitting the tube a reaction type of residual stress is relaxed as 
a result of opening of the tube. This stress is usuafly computed not from 
the strain but from the change of diameter, which is equivalent to a deflec¬ 
tion 12 . Two assumptions are made: (1) rotational symmetry, and (2) con¬ 
stant change of diameter along the tube. The last assumption represents a 
valid approximation if measurements are made at a distance from the ends 

which is greater than the tube diameter. 

The same assumptions are used for the computation of the circumferential 
layer stresses when the removal of layers is made by pickling the entire 
length of the tube. If several samples of the same tube are available it is 
more convenient to pickle each of them separately to a different depth 
before slitting. A correction must then be applied to the change of diameter 
caused by slitting, to account for the fraction of the reaction type of stress 
which has not yet been relaxed. For details and computations reference 12 
should be consulted. 

It has been pointed out 12 that the axial stress can be computed quite 
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independently of the circumferential one by following essentially the same 
procedure. Instead of slitting the whole tube a tongue about three diameters 
long 2 is cut from the end of the tube and the end deflection is measured on 
several samples etched to various depths. It the width ol the tongue is 
narrow enough (about 0.1 diameter) the axial stresses can be computed by 
means of the simple beam theory. As in the case of the circumferential stress 
a correction for the still remaining reaction stress must be made. 

(c) Triaxial State 

(1) Solid Rods and Thick-Walled Tubing 

The residual stress in solid rods and thick-wailed tubing can be suffi¬ 
ciently well approximated by a triaxial state of stress with stress com¬ 
ponents in the circumferential, radial, and axial directions provided two 
conditions are satisfied: (1) the stresses vary only along the radius, and (2) 
the measurements are made at a distance from the ends which is greater 
than the external diameter of the tube. Under these conditions the stresses 
that are relaxed by boring an inner hole or removing outer and inner layers 
can be computed. The computation is based on the theory according to 
which the radial stress in the removed layers acts on the rest of the specimen 
as an internal or external pressure acts on a thick-walled cylinder . 

In the Sachs boring-out method 10 the quantities measured are changes 
of length and diameter caused by relaxation. Convenient formulae have 
been worked out to convert these quantities to stress. r lhey can be found in 
refs. 2, 23, 25. Wire strain gages attached to the outside or inside of the 
tube also have been used 24 . When the specimen has been reduced to a thin 
shell, the remaining stresses can be determined by slitting and pickling the 
shell as explained previously. It has been pointed out” 4 that the rotational 
symmetry of the residual stresses which is essential to the validity of the 
theory should not be taken for granted. Wire strain gages located at various 
points of the periphery can be used to check the rotation symmetry and 
determine the degree of approximation. 

(2) Plates (Thick) 

An approximate method of determining the residual stress in the direc¬ 
tion of thickness has been developed in connection with an investigation of 
residual stress in welded plates 1 in. and 13^ in. thick 8 . In this method 
narrow blocks of metal are cut from the plate in the desired direction as 
indicated previously, but instead of being reduced progressively in tliick- 
ness, they are first split in half and each half reduced in thickness subse¬ 
quently. Changes of strain in both halves are produced thereby, which 
are due not only to layer (tangential) stresses, but also to normal stresses 
acting at the interface in the thickness direction. In the approximate method 
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it is assumed that the latter stresses are uniformly distributed over the 
central portion of the interface and furthermore that they are sufficiently 
relieved so that their effect can be neglected in the subsequent removal of 
layeis. Based on this assumption the stress in the thickness direction can 
be determined from a double integration of second order variations of 
stiain. While the precision of the method is far from satisfactory, it has 
been sufficient nevertheless to reveal that in welded plates 1 in. and 1 in. 
thick the stress in the thickness direction is negligible as compared to the 
stresses acting in the longitudinal and transverse directions 8,16 . 

II. Semidestructive Methods 

The term semidestructive can be applied to those methods in which the 
exploration is of a local character, and the local damage caused by the 
removal of material can be repaired, e.g., by welding. The methods of 
exploration fall into two categories depending on whether the measure¬ 
ments are made on the part wliich has been removed or on the remainder 
of the structure. In the first instance a plug of appropriate size is cut 
(trepanned) from the structure, either by drilling a series of holes along its 
periphery or by using a special core drill'. The dimensional changes pro¬ 
duced in the plug by the relaxation of stress along its peripher}^ can be 
determined by means of wire strain-gage rosettes attached to the top and 
bottom of the plug 1 . Special gage marks also can be engraved on the sur¬ 
face and their distance measured by a high precision extensometer 7 . This 
method has been applied extensively to the determination of residual stress 
in plates, e.g., on the deck of welded ships 1 '. The dimensions of the plugin 
general have been dictated by the requirements of the technique rather 
than by any theoretical considerations. It is well to remember that the 
stresses relaxed by this method are of the reaction type and that they are 
computed by assuming the validity of the elementary plate theory. In the 
absence of layer stresses this validity cannot be too serious^ questioned no 
matter how small the plug. But in welds the residual stress caused by the 
interaction of layers is by no means negligible. A plug that is too small 
compared to its thickness will cause a partial relaxation of the layer stress 
in addition to the reaction stress. The combined effect of these two types 
of stress on strain is not accounted for by the formulae 6 of the elementary 
plate theory. This circumstance should be kept in mind when attempting to 
use the trepanning method for a local exploration of stress. Of course, by 
making the plug small enough the major portion of the layer stress also 
will be relaxed. In this case the measurements will reveal essentially surface 
stresses*. 

* If a core drill is used the operation of drilling ma}' be stopped at some depth 
below the surface, as soon as the readings reach a stationary value 7 . 
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Basically, the same restriction applies to the second method in which a 

hole is drilled in the plate. The stresses that are relaxed in the hole are 

determined from the strains relaxed around the hole and measured along 

three radii issuing from the hole. The computation is based on the as- 

» • • 18 

sumption that the stress relaxed around the hole is of a biaxial nature . 
As in the case of trepanning, this assumption cannot be questioned in the 
absence of layer stresses no matter how small the hole. The interpretation 
of results does not appear to be as easy when layer stresses exist. One 
might argue that by making the hole small enough the strains relaxed on 
the surface will reveal essentially surface stresses as in the case of the plug. 
This argument is by no means convincing. Unlike the trepanning the drilling 
of the hole involves the measurement of strain not in the element removed 
from the body, but on the surface of the body, in the region surrounding 
the hole. It is by no means certain that this region is influenced only by 
the surface stresses relaxed in the hole. 

Three more objections may be raised regarding the method of drilling a 
hole in the specimen. It has been pointed out 7 that after the hole has been 
drilled the residual stress at the hole is actually higher than before drilling. 
If the latter is close to the yield point a certain amount of plastic flow will 
occur which will influence the strain readings. There is also some question 
whether the solution of the biaxial state is applicable when the results differ 
on the top and bottom faces of the plate. And finally, the changes of strain 
produced around the hole are roughly one order of magnitude smaller than 
in an equivalent plug. This coupled with the possibility of local yielding 
would seem to call for a great deal of caution and discernment in the use of 
the method. 

Note: An attempt to modify the “hole” method for the purpose of meas- 

26 # 

uring triaxial stresses is described in this monograph . The hole is recessed 
to various depths and the strains relaxed around the hole are plotted as a 
function of the depth of the recess. It is of interest to note that a similar 
method has been devised using X-ray stress technique 19 . In this technique 
the stresses are measured at the bottom of the recess. True, these are not 
the actual stresses, but they can be corrected for the relaxation caused by 
the removal of layers by using a proper calibration procedure 22 . Unpublished 
results of experiments based’ on this method showed satisfactory agree¬ 
ment with the destructive methods 16 . 

4. Conclusions 

The preceding review of the mechanical methods used for the measure¬ 
ment of residual stress has no claim to completeness. No attempt has been 
made to describe the techniques in detail or to derive the formulae for the 
computation of stress. Instead more emphasis has been given to the under- 
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lying theoretical assumptions and limitations. The main purpose of this 
review has been to seek an answer to the question: “What is actually 
being measured?” A few conclusions which appear to be pertinent to the 
proposed inquiry are summarized below: 

(a) The mechanical methods do not measure the actual strain produced 
by the existing residual stress. What they do measure is the relaxed strain 
in one part of the body when the other part is removed. 

(b) The state of the relaxed stresses depends upon the manner in which 
the process of subdivision has been carried out. Specifically, it depends on 
the geometry of the part in which the relaxed strains are being measured. 
By a judicious technique of subdivision it is possible to approximate the 
relaxed state of stress by means of uniaxial and biaxial states, and in the 
case of rotational symmetry even by a triaxial state. 

(c) Two major steps may be recognized in the process of relaxation. 
When the part is separated from its surrounding, a type of residual stress 
is measured which depends on the reactions relaxed at the boundary of 
separation. This residual stress may be called reaction stress. In the suc¬ 
ceeding steps 1 lain layers of material are shaved off from the part itself, thus 
relaxing a type of stress which may be called layer stress. In some in¬ 
stances the line of demarcation between the two steps is a matter of con¬ 
vention. 

(d) I he sum of the reaction and laj^er stresses represents the residual 
stress at the point of observation. The better the validity of the underlying 
assumptions, the closer this sum approaches the true stress situation. Un- 
for'tunately, the assumptions become general^ less valid when the relaxed 
domain is decreased below a certain size. Thus, the information which the 
mechanical methods supply about the residual stress cannot be too specific 
without loss of validity. It is of interest to point out that this limitation is 
far more important than that imposed by the probable error of measure¬ 
ments. 
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Residual Stresses Associated with 

Lattice Strains 


G. B. GREENOUGH 


Editorial Abstract 

The author is concerned primarily with some of the compli¬ 
cating factors relating stresses and the lattice strains which are 
determined hy X-ray methods. He discusses the anisotropic nature 
of metal crystals and the important differences between macro¬ 
scopic and microscopic strains. 

It is pointed out that if an aggregate is strained elastically 
the lattice strains are proportional to the applied stress, but the 
constant of proportionality is not generally that found by me¬ 
chanical methods. It is possible to calculate two limiting values 
of the elastic constants, one assuming identical stresses in all grains 
and one assuming identical strains; the observed values lie between 
the two. Thus even in the elastic region there must be important 
gradients of stress and strain at the grain boundaries. When the 
aggregate is deformed plastically, the situation is much more com¬ 
plex. Microstresses of considerable magnitude are superposed on 
the applied stress and, when the latter is removed, strains of vary¬ 
ing magnitudes and sign are left in the grains. In addition, macro¬ 
scopic biaxial compressive stresses appear in the surface of a speci¬ 
men. A technique is suggested for distinguishing macroscopic from 
microscopic strains. 

The author points out that if the stress system is essentially 
macroscopic in character, the X-ray method does not yield any in¬ 
formation differing fundamentally from that obtainable by me¬ 
chanical methods. If, on the other hand, the existence of intergran¬ 
ular stress systems could be established by X rays and the stresses 
measured, then conceivably such systems could be correlated with 
mechanical and other properties. 

1. Introduction 

It is not intended here to describe the practical details of the methods at 
present in use to determine the strains in a metal by means of X-ray diffrac¬ 
tion methods, nor to present formulae by which the results of the diffrac¬ 
tion work may be interpreted in terms of stresses. These basic details have 
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already been adequately described 1,2,3 , although several assumptions in¬ 
herent in the formulae are not always examined. On the other hand, a 
review of all the research papers dealing with X-ray diffraction observations 
on strained metal aggregates, similar to that recently prepared by the 
present author 4 , would be outside the scope of this book. The discussion 
here will therefore be confined to the authors own views on certain of the 
complicating factors which bear on the relation between stress and lattice 


strain. 

In general, a strained polycrystalline metal aggregate gives X-ray dif¬ 
fraction lines which differ in three respects from those given by an annealed 
aggregate; the position of the peak of the diffraction line is moved, its 
breadth is increased, and the total intensity diffracted into the line changes. 
While these last two phenomena may be basically associated with the 
first, attention will be concentrated here on the movement of the diffraction 
line peaks. Since the position of the peak of the diffraction line is dependent 
on the average spacing of certain crystallographic planes in the grains con¬ 
tributing to the line, a change in the position of the line indicates a change 
in this spacing, and it is convenient to refer to this change as a lattice 
strain. It is essential to realize that, apart from interplanar spacing changes 
arising from the dissolution of atoms of a different size in the lattice, only 
stresses present in the volume of the diffracting metal can cause such 
changes. Thus, lattice strains must be interpreted in terms of stress systems 
and it is the details of this interpretation with which we are concerned. 

The complicating factors in the interpretation of the lattice strains in 
terms of stresses arise because of the anisotropic properties of single metal 
crystals composing the aggregate, combined with the selective nature of the 
X-ray diffraction technique. If a ciystal is contributing intensity to a 
particular region on an X-ray diffraction line, the normal to the reflecting 
planes must lie in the direction which bisects the angle between the incident 
and diffracted X-ray beams (this is the direction in which the lattice strain 
is measured). Thus, only the behavior of a particular group of grains in the 
aggregate is given by observations on the one diffraction line. This selective 
action of the X raj’s is illustrated in Fig. 1, in which only the shaded grains 
are reflecting. It should also be noted that the grains contributing to the 
diffraction line change as the angle of incidence of the X-ray beam on the 


specimen varies. 

The lattice strain, then, is the mean of the strains in those ciystals whose 
reflecting normals are in the direction in which the strain is measured, al¬ 
though the diffracting crystals may have any orientation about the reflect¬ 
ing normal. This mean, which is an average of that in certain grains with 
particular orientations, is not necessarily the same as the average of the 
strains in all the grains. It is this latter value which is determined from 
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Fig. 1 . Selective action of X-rays; only certain grains in t he aggregate diffract. 


observations made with macroscopic strain gages of the electrical or 
mechanical type. This difference between lattice strains determined by 
X-ray methods and macroscopic strains determined by mechanical methods 
is of very great consequence; a failure to realize that they might be differ- 
ent may lead to serious errors of interpretation, but an appreciation of the 
differences can lead to knowledge unattainable by mechanical strain meas¬ 
urements alone. 

It is convenient to treat separately the cases of aggregates which have 
undergone only elastic straining, and those which have been plastically 
strained. 


2. Review of Fundamental Knowledge 

a. Elastically Strained Aggregates. If stress-strain curves are constructed 
with the use of X-ray diffraction methods to measure the strains, it is 
found that in the region of macroscopic elastic behavior the lattice strain 
is also proportional to the applied stress. However, the constant of propor¬ 
tionality is not usually identical with that determined by mechanical 
methods and, moreover, for any given metal the constant depends on the 
particular diffraction line examined. It is possible to calculate values of the 
stress-lattice strain ratio for any direction of measurement of the strain 
from a knowledge of the single-crystal elastic constants of the metal and 
the geometry of the diffraction conditions. The results of this calculation 
will be given for the simple case of an aggregate of randomly oriented cubic 
crystals under a uniaxial stress. 
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I he fundamental difficulty which must be overcome in the calculation is 
to allow for the interaction of one crystal on its neighbor during the de¬ 
formation. Suppose two contiguous crystals with different orientations are 
both stress- and strain-free. Since they are elastically anisotropic, when the 
same stress is present in each, the strains will not be the same, and if they 
could deform independently there would be a discontinuity of strain at 
the boundary. Alternatively, if each is strained in the same manner, there 
would be a discontinuity of stress. It is thus not possible for both the stress 
and the strain to be the same in each grain, and some assumption must be 
made in any mathematical approach to the problem of the components 
of stress or strain which are to be constant throughout the aggregate. 

So far, it appears that only the two simplest possible assumptions have 
been applied to the case of lattice strains. Voigt 5 performed the calculation 
for the case of mechanically measured strains making the assumption that 
the strain in each grain of the aggregate was the same, while Reuss 6 re¬ 
peated the calculation for the case when the stresses in each crystal were 
assumed to be equal. In both cases it was assumed that the aggregate as a 
whole obeyed the usual elasticity laws for isotropic bodies, i.e., the strain e 
in a direction defined by the angle 0 in Fig. 2(a) resulting from a stress a 
parallel to the axis OX is given by the relation 

e/a = (sin 2 0 — v cos 2 <t>)/E (1) 

where E is a constant, Young’s modulus, and v is a constant, Poisson’s ratio. 

When it is assumed that the strain in each grain is the same, the stress 
in each crystal is calculated and the average stress in the aggregate ob¬ 
tained by summing over all orientations. This average value is equated to 
the applied uniaxial stress. The relation between the assumed strain and 
this stress is used to obtain the following relations for Young’s modulus 




Fig. 2 (a). Definition of direction of strain measurement. 

(b). Locus of applied stress relative to crystals reflecting. 
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where-Cn etc. are the single-crystal elastic constants. Since the strain in a 
given direction in every crystal is assumed to be the same, this treatment 
leads to the result that the strain measured by X-ray methods should be 
independent of the reflection examined and identical with the macroscopic 
strain. The lattice strain is thus given })y Eq. (1) with the values for E and 
v given by Eq. (2). 

When the stress in each grain is assumed to be the same, it follows that 
this stress is equivalent to the uniaxial stress applied to the aggregate. 
Then, since the strain in any crystal depends on its orientation, the calcu¬ 
lation must proceed for the particular case considered. If the lattice strain 
is determined by using the hkl reflection, the stress a makes an angle 90° — (f> 
with [hkl ]; but since the crystal orientation is not fixed in space about the 
axis [hid], the direction of the stress with respect to the crystal lattice may 
vary. Instead of considering the actual case where [hid] and the stress are 
fixed in direction and the crystal orientation varies, it is easier to consider 
the mathematical equivalent where the crystal lattice is fixed and the 
stress varies in direction, i.e., it lies on the locus shown in Fig. 2(b). It is 
possible to write down a general expression for the strain in the direction 
[hkl ], which is defined by the direction cosines Au , A 23 , A 33 with respect 
to the crystallographic axes, for the case when the stress is applied in a 
specific crystallographic direction. For the case of the hkl reflection, 
the average value of the strain given by this equation is calculated by in¬ 
serting the necessary geometrical conditions to ensure that the stress 
direction lies on the appropriate locus. For the case when the strains are 
being measured by macroscopic methods, the average value of the ex¬ 
pression is found when the stress direction may have all possible 
values. In both cases the strains obey the isotropic elasticity Eq. ( 1 ), but 
the value of Young’s modulus and Poisson’s ratio to be employed are 
given by 


_ 1 _ 

Sn — ( 2 $n 2si2 £44)2 

S 12 T - i(2sn 2si2 $ 44)2 

Sn — ( 2 sn 2 sj 2 $44)2 


( 3 ) 
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where s n etc. are the single-crystal elastic moduli and 

2 = Ai*A2* + A 2 % A 33 2 + AzzA\% 

For the case of the macroscopic strains, 2 = 3^. 

Since 2 is not the same for each X-ray reflection, and all differ from 3^, 
this assumption leads to the prediction that the ratio of stress to strain 
will depend on the means used to measure the strain. 

When the experimental values of the stress-strain ratios are compared 
with those calculated from Eq. (1) by using the elastic constants obtained 
from Eq. (2) or (3), it is found that neither gives good agreement. But a 
mean of the two theoretical quantities agrees well with the experimental 
value. 

There are two consequences of these considerations. In the first place, 
it is possible in the case of random aggregates to calculate the relation 
between the lattice strain and the stress applied to the volume under ex¬ 
amination. This obviates the necessity for preliminary calibrating experi¬ 
ments which would otherwise be necessary in order to interpret lattice 
strains in terms of stresses. In the second place, it is made clear that an 
elastically deformed aggregate is neither strained nor stressed homogene¬ 
ously, grains with different orientations having, in general, different strains 
and stresses. It is clear, however, that this difference of stress and strain 
between crystals cannot persist right up to the boundaries, since this would 
not be a stable state. The values characteristic of the orientation must be 
confined to the central bulk of the crystals, while at the boundaries there 
will be stress and strain gradients. These may have a considerable influence 
on mechanical properties, a possibility which will be considered later. 

b. Plastically Strained Aggregates. Before discussing details of the lattice 
strain in plastically deformed aggregates, it is useful to consider first the 
behavior one might expect. We shall consider the case where the strains 
are measured in a direction approximately perpendicular to the applied 
stress. 

Below the elastic limit, the lattice strain-applied stress curve is linear 
with a gradient differing from that obtained mechanically. Stresses higher 
than the elastic limit cause plastic deformation. This is due to the sliding 
of blocks of atoms past one another, a process which causes larger in¬ 
crements in the mechanical strain per unit increase of stress than in the 
elastic range. This is represented in the normal macroscopic stress-strain 
curve, the full line at the left in Fig. 3. At the same time the lattice is hard¬ 
ened and higher stresses can be carried elastically after the deformation. 

If the specimen is unloaded after some plastic deformation, the elastic part 
of the strain is recovered, leaving a permanent set—the plastic strain caused 
by the slip process. 

Since the X-ray diffraction methods cannot detect when one atom has 
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Fig. 3. Stress-strain curves for potycrystalline metal. 

— macroscopic strains 

- — lattice strains, commonly assumed 

—O— lattice strains, experimental 

taken the place of another, little effect on the diffraction line due to the slip 
process would be expected, except that the hardening effect would increase 
the elastic range. The lattice-strain curve would thus probably be repre¬ 
sented by the straight line, shown dashed in Fig. 3. On removing the ex¬ 
ternal stress, the lattice strain would disappear. That this behavior is actu¬ 
ally exhibited by real specimens is assumed in the derivation of formulae 
which are used to interpret measured lattice strains in terms of stress. But 
the experimental curve is often of the type shown in chain dashing in Fig. 3; 
above the elastic limit the lattice strain increases less rapidly with stress 
than expected, and on unloading there remains a lattice strain, opposite in 
sign to the strain when under applied stress. 

It is generally agreed that this behavior of the stress-lattice strain curve 
when the applied stress has exceeded the elastic limit is due to the super¬ 
position of a second, internal, stress system on that applied. This internal 
stress system remains after the applied stress is removed, and is responsible 
for the residual lattice strain. The precise nature and cause of this stress 
system, however, is not yet completely clear, but several points are well 

established. 

The fact that the grains contributing to the diffraction line are strained 
indicates that they are under stress, and since there is no stress applied to 
the test specimen, which is in equilibrium, this stress must be balanced by 
a stress in some other part of the specimen. It is easy to see how such a 
stress system could develop. If a part A of the specimen yields under a 
lower applied stress than part B, when the whole is deforming plastically 
there will be a greater elastic strain in B than in A. After the removal of 
the applied stress, B would have to contract further than A to approach 
a stress-free state, so when equilibrium is established A will be in com¬ 
pression and B in tension. 
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Table 1. Residual Lattice Strains in Plastically Extended Mild Steel 

Specimen 


Plane reflecting. 

1 310 

211 

110 

Residual lattice strain X 10 5 . 

+24 

+7 

-25 


Experimentally it has been shown 7,8 that different sets of diffracting 
planes in the same specimen show residual lattice strains of varying mag¬ 
nitudes and of both signs. This indicates that the different groups of grains 
in the specimen are in different states of stress. In a low-carbon steel speci¬ 
men, after a plastic extension of 19 per cent produced by a stress of 61,400 
lb. per sq. in., the residual lattice strains shown by three different diffracting 
planes, measured in a direction perpendicular to the specimen surface, are 
as shown in Table 1. In order to give a more vivid picture of the magnitude 
of these differences in strain, they can be converted to a stress. If the strains 
are assumed to be due to a uniaxial stress system, then the difference in 
the average stress in the group of grains giving the 110 diffraction line, and 
the group giving the 310 line, is about 45,000 lb. per sq. in. The maximum 
difference between individual grains will be greater. 

The case discussed here is much more exaggerated than any likely to be 
met in practice, where the plastic deformations are smaller, but the re¬ 
sidual lattice strains are always appreciable in steels if the yield stress, or 
elastic limit, has been exceeded. 

The most likely explanation of these varying residual lattice strains is 
that they are due to intergranular stress systems of the type postulated by 
Heyn and by Masing to explain such macroscopic phenomena as the 
Bauschinger effect and creep aftereffects 9 . Since the shear stress across the 
glide plane in a crystal must reach a critical value before slip occurs, the 
tensile stress necessary to cause plastic deformation in any particular 
crystal in the aggregate depends on the orientation of the crystal. Thus, the 
crystals themselves are “hard” or “soft,” and, following the general line of 
argument given earlier, it is clear that they will be left in different states 
of stress after the plastic extension of the aggregate. Thus, while the av¬ 
erage of the stress in all the grains will be zero, the average of the stresses 
in those grains reflecting X rays is likely to be positive or negative. 

This system of intergranular stresses is not the only stress system which 
develops during plastic extension. More recent work 10 has shown that, in 
addition, a macroscopic biaxial compressive stress appears in the surface 
of the specimen superimposed on the He3m stress; this verifies in principle 
earlier work by Bollenrath, Hauk and Osswald 11 , but the magnitude of the 
stress and the depth of the stressed layer found by them was not con finned. 
Greenough 10 showed that the compressive surface layer was only 8 X 10 
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in. deep and that each component of the biaxial stress system was about 
the stress applied to produce the plastic deformation, while Bollenrath 
et al. found that greater stresses were present to a much greater depth. 

It remains to consider whether these residual lattice strains can be in¬ 
terpreted quantitatively in terms of stresses. The surface macroscopic 
stress system is analogous to any locked-up system of macroscopic stresses 
and may be determined by the usual X-ray techniques of stress determina¬ 
tion. On the other hand, the intergranular stress system cannot be dealt 
with in this way, and, moreover, its presence may vitiate determinations 
of macroscopic stresses. 

It is customary, when determining a stress component, say a in Fig. 2(a), 
to take two X-ray photographs of the specimen such that the spacing of a 
particular set of crystallographic planes is measured in two directions with 
different values of <t>. Usually </> is taken as about 0° and about 35°. The 
difference in the spacing of the planes in these two directions may be used 
to calculate a, provided that the stress a is the same in the grains diffracting 
in each case. But, since the reflecting normals are in different directions in 
the two cases, the grains contributing to the diffraction lines in each case 
are not the same. If an intergranular stress system exists, then the basic 
assumption that the stress is the same in the two sets of grains is probably 
erroneous and the method breaks down. In general, then, if intergranular 
stress systems exist, neither they, nor any superimposed macroscopic 
stresses, can be determined. 

There is a possibility, however, that rough estimates can be made of the 
magnitudes of the stresses in certain cases. After a plastic deformation pro¬ 
duced by a uniaxial tensile stress, it has been shown 10 that the principal 
components of the intergranular stresses are parallel to the direction of the 
original deforming stress; transverse components are negligible. Now a 

consideration of equation (1) shows that the strain in a direction given by 
2 

tan 0 = v is zero whether the stress present is tensile or compressive. If, 
then, one of the photographs is taken in this particular direction, the ap¬ 
plication of one of the usual formulae will give the stress in the group of 
grains contributing to the second photograph, usually at </> = 0°. If this 
procedure is repeated with another X radiation, so that measurements are 
made on a different diffraction line, the stress in a second group of grains 
can be determined. If the two values of the stress are the same, then the 
stress system in the region examined is largely of a macroscopic type, but 
if the two values differ significantly, intergranular stress components are 
also present. It is not possible, however, to devise a method for determining 
the relative contributions from macroscopic and intergranular stresses in 
this second case. Preliminary calibration, however, of the residual lattice 
strains resulting from various degrees of plastic deformation should enable 
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in places inaccessible to ordinary strain gages, e.g., the roots of notches, 
and that stresses may be determined which are largely confined to thin 
surface layers, often very important in, say, fatigue considerations. The 
major disadvantage arises from the effects of plastic deformation discussed 
in Section 2(b), where it was shown that it is not always possible to inter¬ 
pret the measured strains in terms of stress systems. Less fundamental 
disadvantages are that the method is rather less accurate than mechanical 
methods and much longer times are necessary to take the strain measure¬ 
ments. 

If the lattice strain can be interpreted in terms of macroscopic stresses, it 
is fairly clear what effect the stresses will have on mechanical properties. 
Experimentally it has been shown 12 that the effects on fracture stresses 
under tensile and fatigue loading, and on the energy for the impact fracture 
of notched specimens, are small provided that the experimental conditions 
permit plastic deformation to occur before fracture. There is an effect on 
the limit of elasticity, however. These results are to be anticipated from 
elementary considerations of the macroscopic stress-strain curves, which 
indicate that the stress difference between different parts of the specimen 
remains constant when the whole is deforming elastically but becomes 
smaller with increasing plastic strain; plastic deformation tends to wipe out 
macroscopic stress systems. 

On the other hand, if fracture occurs before much plastic deformation 
has taken place, and brittle fracture in steel may be such a case, then 
residual macroscopic stresses may have a considerable effect. It may be 
that the residual component of stress will help to give rise to a triaxial state 
of stress and thus itself inhibit the onset of plastic flow. But here again the 
X-ray method will not give any information of a different type from that 
derived from mechanical measurements. 

When intergranular stress systems are investigated, the information is 
of a totally different nature from that given by mechanical methods. Beyond 
demonstrating that such intergranular stresses do exist in plastically de¬ 
formed specimens, no other work lias yet been described. The effect of 
these stresses on mechanical properties is not known and any discussion is 
purely speculative. Since, however, the stresses arise during plastic de¬ 
formation, the mechanical properties that are normally measured are usu¬ 
ally those appropriate to specimens containing intergranular stress systems 
superimposed on the applied stresses. 

It is probable that many of the effects of the intergranular stress systems 
will be analogous to the effects of macroscopic stress sj r stcms. It is possible, 
for instance, that triaxial stress systems could arise in small regions com¬ 
bined with a high tensile stress and that in certain circumstances a crack 
could be initiated in a “notch-brittle” material from such points. The pres- 
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ence, too, of high stress gradients may have a marked effect on the condi¬ 
tions for the initiation of plastic flow 13 . 

On the other hand, the intergranular stress systems could have a much 
greater effect than macroscopic systems on certain phenomena. For in¬ 
stance, it would be expected that grain-boundary corrosion would be much 
more rapid when neighboring grains were oppositely stressed than when all 
grains were uniformly stressed. It is possible, too, that intergranular stress 
systems may influence fatigue properties although such theory as exists 
does not make this appear very probable. 
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Precautions to be Used in the Measurement 
and Interpretation of Residual Stresses 

by X-Ray Technique 


W. S. HYLER AND L. R. JACKSON 


Editorial Abstract 

The authors begin by discussing the differences between macro- 
and microstress systems and some of the factors responsible for 
the latter in polycrystalline aggregates. They next consider the 
situation in a two-pliase alloy and conclude that measurements 
made on only one phase in such an alloy may lead to erroneous 
conclusions because of the existence of microstresses. 

The next point considered is the assumption of isotropic be¬ 
havior, and several experimental investigations are cited including 
one at Battelle Memorial Institute. Although the different inves¬ 
tigations did not in all cases involve the same experimental con¬ 
ditions, the results might be expected to show some consistency. 
This was not the case. 

The general conclusions are that in the elastic range the results 
of X-ray measurements agree well with those obtained by me¬ 
chanical methods, but that in the plastic region the existence of 
microstresses does not permit an agreement between the two 
types of measurement. Since practical engineering materials are 
usually plastically deformed if residual stresses are present, and 
since they generally consist of two or more phases, it appears that 
X-ray measurements of strain cannot result in practical values 
of stress that adequately reflect the engineering stresses in ma¬ 
terials of general utility. 

Recent refinements in X-ray technique have promoted its use as a tool 
in stress analysis. Such use has been stimulated by the desire to measure 
residual strains (and to obtain the corresponding stresses) over short gage 
lengths without destroying the physical body. However, the interpreta¬ 
tion of lattice strains to usable engineering stresses raises a number of ques¬ 
tions when the strains are measured in a residual-stress field. This paper is 
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a discussion of some of the problems involved in the measurement and 
interpretation of residual stresses by X-ray technique. 

Residual stresses are defined as those stresses existing in a body upon 
which no external forces are acting. They have been placed generally in 
two categories, macrostresses and microstresses. Residual macrostresses 
may be considered those stresses resulting from large-scale nonhomogeneous 
deformation (e.g., a plastically bent beam). Measurement of these stresses 
by relaxation techniques employing strain gages and dilatometer readings 
is described adequately in the literature. Since these measurements cover 
areas containing a large number of crystals, the deduced stresses represent 
average stresses. Microstresses, on the other hand, are considered local, 
small-scale internal stresses. They arise during large-scale deformation 
owing to the inhomogeneous nature of the material. Some factors that 
may contribute to these small-scale effects are (1) grain-boundary effects, 
(2) anisotropy of grains, (3) crystallographic orientation of grains, and 
(4) constituents having different mechanical properties. Apparently micro¬ 
stresses can vary from one grain to the next and, in the aggregate, form 
the macrostress system measurable with strain gages. Hence, a technique, 
such as X-ray, that measures only strains in certain favorably oriented 
crystals may not yield stresses of the usual engineering significance. 

One other point should be considered. The X-ray method does not 
determine stresses directly. All that the X rays can measure is the lattice 
spacing or changes in lattice spacing. Stresses must be computed from the 
lattice changes. The usual formulas relating stress to lattice strain contain 
the elastic constants E and n for the polycrystalline material. Thus, it 
is assumed that, w’hile the individual crystals from wdiich the X-ray re¬ 
flections are coming are far from isotropic, they behave as though they 
were isotropic when taken in the aggregate. 

A survey of the literature discloses that systematic studies of some as¬ 
sumptions inherent in the fundamental aspects of X-ray stress measure¬ 
ment have not been made. However, there are a number of articles which 
are concerned with the effects of microstresses, the assumption of isotropic 
behavior, and other factors on X-ray stress measurement. A detailed discus¬ 
sion of some of these investigations may illustrate some precautions to 
be considered in interpreting the results of X-ray strain measurements. 


Effects of Microstress 

In a tw r o-phase material wiiere one phase is “soft” and the other “hard, 
deformation certainly cannot be considered homogeneous. The “soft” 
phase may yield under load whereas the “hard” phase may deform elas¬ 
tically. Upon removal of the external load, it appears logical that the two 
phases should be stressed differently. A microstress system w^ould be pres- 
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ent. The usual X-ray study of the stresses in this material would measure 
lattice strains on perhaps one reflecting plane in one of the phases. The 
resulting deduced stress would be termed the residual stress in the material. 
This follows from one of the assumptions upon which the formula relating 
stress to lattice strain hinges, i.e., that the stresses in the second phase are 
the same as those in the first phase from which the reflections are obtained. 

The work of Andrew and collaborators 1 tends to refute this assumption. 
Their experiments were made on a plain carbon steel having 1.26 per cent 
carbon. Specimens were compressed 90 per cent of their original height. 
X-ray measurements were made on both the ferrite and the carbide phases 
before and after working. The photographs did not permit a very accurate 
estimate of the strains; however, film measurement indicated that, in the 
direction of compression, a general contraction of the mean spacing of 
the carbide planes occurred. Perpendicular to the direction of compres¬ 
sion, the mean spacing of the carbide planes increased. In a given direc¬ 
tion in the specimen, the measured change in spacing in the ferrite struc¬ 
ture was, in each case, opposite in sign to that of the cement ite, and smaller 
in magnitude. When the ferrite was etched away from the carbide par¬ 
ticles, both the broadening and the movement of the lines of the cementite 
pattern were eliminated. 

Here, then, is direct evidence that, in a two-phase material, microstresses 
may be present. Computation of residual stresses based on lattice-strain 
measurements in only one phase apparently would not tell the entire story 
in this case. 


The Assumption of Isotropic Behavior 

No valid theoretical justification for assuming that anisotropic grains 
behave isotropically has been developed yet. The attempts to provide 
theoretical justification have introduced more assumptions than they 
have removed. 

For example, Glocker 2 has used the expedient of integrating the elastic 
constants for all possible orientations of the planes under consideration 
in order to arrive at average values of E and \i for use in the equation re¬ 
lating stress to lattice strain. Tliis procedure assumes that each grain acts 
independently of the grains surrounding it and is, therefore, no better 
than the previous assumption. The primary justification has been experi¬ 
mental and rests on the following t} r pe of experiment. 

A sample of iron or steel is loaded in a tension machine or by dead-weight 
loading to a series of stresses in its elastic range. While under load, the 
lattice strain is measured by X rays. The deduced X-ray stresses are com¬ 
pared with stresses computed from the applied loads. In all cases where 
this experiment has been performed, the X-ray computed stress has agreed 
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with the actual average stress to within the precision allowed by the X-ray 
method. This “proof” of the assumptions used in developing the stress- 
lattice-strain equation deservedly has been given great weight and forms 
the primary basis for establishing the validity of X-ray stress measure¬ 
ments. It may well be that it is correct under certain circumstances; how¬ 
ever, there has been some work reported that throws doubt on its generality. 
In view of the importance of this work to the problem of measuring residual 
stresses, it is worth describing in some detail. 

The Work of Wood and Collaborators 

In a series of papers, starting about 1940, W. A. Wood and his collabo¬ 
rators 3, 4 described experiments in which tension test pieces were examined 
under load with X rays in much the same manner as was mentioned above. 
The difference from previous work was that the specimens were stressed 
well beyond the elastic range. The work was carried out on a variety of 
steels. Results indicated, in accordance with previous investigations, that 
the values of stress computed from X-ray strain measurement were in 
agreement with stresses computed from loads up to the elastic limit. Beyond 
the elastic limit, however, an entirely different behavior developed. Fig. 1 
shows the results obtained plotted on conventional stress-strain coordinates. 

It will be noted that the stress computed from lattice strains and from 
P/a agreed up to the point a on the curve. Beyond this point, however, the 
stress as computed from the X-ray results decreased to point b. At point 6, 
the X ray showed no further change in stress with load, even though the 



Fig. 1. Schematic representation of X-ray stress measurements as affected by 
plastic Alow. (Smith and Wood) 
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average stress increased to c. When the load was removed, the average 
stress, of course, dropped to zero along the line cd and a permanent elonga¬ 
tion od was noted. The X-ray stress, however, was compressive, as shown 
by line be, with a permanent lattice compression ef noted. Essentially similar 
results were obtained on pure iron and mild steel. 

When the load on the tension test piece was released, of course, there 
could be no net residual stress, either tension or compression, on the cross 
section. Thus, either the X-ray indication of a net compression did not 
reveal compensating tensile stresses that were present in the surface, or 
the compressive stresses in the surface layer penetrated by the X rays 
were balanced by tensile stresses in deeper layers. Smith and Wood 4 ex¬ 
plored this latter possibility by etching off surface layers. They found 
that the compressive stresses persisted at depths so great that they con¬ 
cluded that the observed effect could not be explained by a postulated 
difference in behavior of surface layers during tensile strain. 

X-Ray Tests at Battelle* 

A number of X-ray studies on rails at Battelle to determine residual 
stresses indicated that the method might not provide a reliable appraisal 
of stresses present when such stresses were the result of plastic flow. In 
view of the results of these tests on rails, it was thought desirable to per¬ 
form a few additional experiments similar to those of Smith and Wood. 

The work done by Wood, el al., used direct tensile loading; however, 
since this type of experiment required a more elaborate setup than was 
readily available, it was decided to use bending loads to apply stresses. 

A rectangular beam, 34 in. square and about 6 in. long, was prepared 
from rail steel and stress-relief annealed at 1200°F. in iron powder. This 
expedient left the surface bright enough that no etching or polishing was 
required. Thus, the possibility of stresses being introduced by etching was 
eliminated. The beam was bent in four-point loading. An SR-4 type strain 
gage was cemented to the compression side of the specimen to measure 
average surface strains. A tension-compression stress-strain diagram was 
available, so that average actual stresses could be computed from the 
strain readings and compared with X-ray indications. 

In the course of the tests, the beams were bent beyond their elastic limit 
and the bending moment released. Residual stresses were computed from 
the stress-strain curve and the known strains and compared with those 
indicated by the X-ray method. Results are summarized in Table 1. The 
following points are brought out in the table. 

* The work to be described in this section was done as a part of a research project 
under the sponsorship of the Association of American Railroads and the American 
Iron and Steel Institute. 
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Table I. Comparison of Stresses Computed from X-Ray Measurements and 
Those Computed from Strains in Bent Beam Q 4 inch Square by 6 

Inches Long) 


Condition 

Stress Indicated by 

X Rays (lb. per sq. in.) 

Stress Computed from 
Strain (lb. per sq. in.) 

1. After stress-relief anneal, not bent.. . 

2. Bent elastically. 

0 

+26,000 

-3000 

+38,000 

-26,000 

Not measured 

0 

0 

+20,000 

0 

+57,000 

-7500 

+73,000 

-16,000 

3. Load (2) released. 

4. Bent beyond elastic limit. 

5. Load (4) released. 

6. Bent further beyond elastic limit. 

7. Load (6) released. 



(1) For stresses below the elastic limit, the results from the X-ray method 
and those computed from strain gages are in substantial agreement. This 
result is in accord with previous work. 

(2) For stresses above the elastic limit, the stresses indicated by X-ray 
tests do not agree with those computed from the strains and the stress- 
strain curves. These results substantiate Wood’s reported results. 

(3) Residual stresses computed from lattice changes measured with 
X rays do not agree with values obtained from strain-gage measurements. 
Again, the results are consistent with w r hat might be expected in the light 
of Wood’s investigations. 

Work of Other Investigators 

A number of other investigators have studied the phenomena reported 
by Wood and his collaborators. Bollenrath, Hauk, and Osswald 5 showed 
with X rays that the residual lattice strain in a plastically extended mild 
steel bar decreased as the surface layers ware removed. They interpreted 
their results to indicate that a large biaxial compressive stress existed in 
the surface layer. Greenough 6 discussed experiments similar to M ood’s 
but carried out on wires. The results show r ed constant strain in the sur¬ 
face exposed by etching, as might be expected from "Wood’s work. 

In a more recent publication 7 , Greenough has shown that residual com¬ 
pressive strains are present on the surface of a plastically deformed tensile 
bar. He also has shown that the deduced compressive stresses are balanced 
by tensile stresses in the interior. X-ray measurements were made on both 
low T -carbon steel and Armco iron with apparently similai results. It is 
interesting to note that the results of Greenough s present voik agiee 
neither with Wood’s results (where no stresses were found) nor with that 
of Bollenrath, ct al., who indicated much higher stresses at the surface. 

The w’ork just reviewed show r s that there are some discrepancies in the 
fundamental basis of the X-ray method and in its use to determine stresses 
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resulting from plastic deformation. Part of the trouble may be associated 
with the fact that X rays measure lattice strains not only in select crystals 
but also on select crystallographic planes. Further, these measurements are 
assumed to be representative of all the crystals, regardless of the number of 
constituents present. Stresses are then deduced from the lattice strains 
using formulas based upon somewhat dubious assumptions. There is some 
evidence that, when the strains are elastic, X-ray stresses are in good agree¬ 
ment with computed engineering stresses. However, when the strains are 
plastic, it is quite evident that X-ray-determined stresses do not agree 
with the macroscopic engineering values. Since residual stresses generally 
arise from nonhomogeneous plastic deformation, there seems to be good 
reason to suspect that X-ray measurement in a residual-stress field will 
not tell the complete story. It may be that the use of X rays to deter¬ 
mine residual stresses in relatively pure materials is feasible. However, 
common engineering materials are generally multiphase alloys. Measure¬ 
ment of lattice strains in but one phase and computation of the correspond¬ 
ing stresses surely cannot result in practical stress values that adequately 
reflect the engineering stresses in materials of general utility. 
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Complete Determination of the State of 

Residual Stress in Solid and 
Hollow Metal Cylinders 

H. BUIILER 


Editorial Abstract 

When Sachs* boring-out method is used for determining the 
residual stresses in a hollow cylinder, it is not possible to deter¬ 
mine them near the outer surface except by extrapolation. This 
fact may he a serious drawback. The author overcomes the dif¬ 
ficulty by dividing the specimen into two halves, one of which 
he bores out, measuring the changes in strain on the outer surface, 
and the other of which he turns down, measuring the changes 
in strain on the surface of an axially bored hole. The determination 
of the residual stresses can be made also with a single specimen 
by using the boring-out method and the turning-down method 
on the same specimen. The two parts of the residual stress dis¬ 
tribution can be connected by interpolation. 

A similar difficulty arises in the complete determination of 
the residual stresses in a solid cylinder. In this case the measuring 
begins with the boring-out method by measuring the changes 
in strain on the outer surface. When the surface of the bole is 
large enough to apply strain gages, the turning-down method 
can be used by measuring the changes in strain on the surface 
of the hole. This technique can be used with a single specimen 
or with a halved specimen to measure the complete state of re¬ 
sidual stresses. 

The author explains his technique in detail, sets up all the 
necessary stress-strain equations, gives examples of actual de¬ 
terminations of residual stresses, and discusses limitations of 
the method. 

The following report gives a general survey of the work carried on in 
recent years at the Institute for Metals Research, Saarbriicken, for the 
purpose of making possible the complete determination of the state of 
residual stress in cylindrical metal bodies by internal and external macliin- 
ing techniques. 
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1. The Turning-Off Method as a Supplement to the Boring-Out 

Method of G. Sachs 

In further development of Heyn’s and Bauer’s method of residual stress 
determination in cylindrical bodies 1,2 , which permits determination of 
only one stress component, namely, that in the direction of the axis of the 
body, G. Sachs has previously developed a method for determination of the 
triaxial residual stress condition in cylindrical bodies. 

In the boring technique employed by Sachs, metal cylinders—solid or 
hollow—are bored out layer by layer. The change in length and outside 
diameter is measured and plotted as a function of the cross-sectional area 
removed. From the resulting deformation graphs, the equations set up by 
Sachs are used to determine the distribution of longitudinal, tangential, 
and radial stresses over the cross section of the cylinder being investigated. 

Sachs himself, in liis original article on hollow cylinders 3 , mentions the 
two possibilities of machining the bodies from the inside and from the 
outside, i.e., of boring them out or turning them down. The latter pos¬ 
sibility, however, was eliminated in Sachs’ work because it was not at the 
time feasible in this case to measure deformations on the interior of the 
bore, or on the inside of a tube, after turning off the outside, with sufficient 
accuracy to yield significant results. 

As we know, Sachs’ boring technique, like a similar method previously 
developed by M. Mesnager 4 , has the following disadvantage. In deter¬ 
mining the deformation curves, it is impossible, because of difficulties of 
machining and measurement, to continue them to the outer surface of the 
cylinder. From the last satisfactorily measurable points, the curves must 
be extrapolated to the boundary of the cylinder, as shown for example in 
Fig. 1. For these reasons, in some cases, the values of residual stresses at 
the surface of the cylinder are not obtained with the desired precision by 
means of the boring technique. Such a case occurs in particular when there 
are changes of direction in the stress distribution in the outer la 3 r ers of the 
cylindrical body, as well as when the greater part of the section exhibits 
only comparatively low residual stresses, while the surface zones are under 
high residual stress. A residual stress distribution of this kind, with a strong 
variation in the surface zones, may for example occur, as is well known, as a 
result of nitriding steels 5 ’ 6 , of case-hardening steels 6 , of induction surface¬ 
hardening steels 7 ’ 8 , of surface-hardening steels with fuel gas and oxygen 
flames 9 , of hardening by cooling tool steel or other steels having low critical 
temperatures 8,10 ' 11 ’ 12 ’ 13 , of various cold-working operations on metal 
parts 13 ’ 14 • 15 • 16 * 17 • 18 ? or 0 f repeated stressing 19 . 

If in addition to the convential boring-out method, e.g., in a hollow 
cylinder, the turning-off method is introduced, we are in a position to 
determine the residual stress distribution in the boundary layers as well 
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as in the remainder of the cylinder. Where possible, a sufficiently long 
specimen of the stock to be investigated is divided into two equal parts, 
one of which is bored out and the other turned down. Since, in an annular 
zone, both tests, within the attainable precision of measurement, must 
yield like results in the determination of the residual stresses, we have an 
immediate check on the measurements and calculations in that range 20 . 

2. The Technique of Measurement in the Turning-Off Method 

The turning-off test of course presupposes the presence of a bore, for 
while in Sachs’ boring-out test the elongations in the longitudinal and 
tangential directions may be measured on the periphery of the cylinder, 
the turning-off test requires that the corresponding elongations be measured 
on an internal surface. 

If the stock to be tested has no bore (solid cylinder), or if the bore is too 
small, the boring test may be begun in the usual manner and continued 
until the bore is sufficiently large for the introduction of bonded resistance 
strain gages. 

Valve 


Tube 


hole 


Specimen 


Fig. 2. Apparatus for applying gages on wall of bore in hollow cylinder to be 
subjected to turning-off test. 
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The new technique of measurement by means of bonded electric re¬ 
sistance strain gages 21,22 has made possible the determination of sufficiently 
precise measurements of strain by Sachs’ method -3,24 . The strain gages, 
which may be adapted to practically any cylindrical curvature, are pasted 
in the bore, both parallel and perpendicular to the axis of the cylinder. 

It is more difficult to apply the gages in the bore than on the outer sur¬ 
face, but it can be done satisfactorily with the aid of suitable apparatus. 
For this purpose, for example, a rubber roller may be used, with handles 
protruding from each end of the bore, and with a diameter of about one- 
half to two-thirds that of the bore. For applying gages in a comparatively 
small and deep bore, the following method may be used. A tube of outside 
diameter a few millimeters smaller than the diameter of the bore, and 
slightly longer than the bore, is soldered up at both ends and provided with 
a few small holes in the middle. An ordinary bicycle valve is soldered into 
one end. A suitable rubber hose is fitted over the tube and made airtight 
by winding with fine wire at both ends. When the gages have been placed 
in the proper position in the bore, this device is inserted and the rubber 
hose forced against the w'all of the bore by pumping air into it, thereby 
applying a uniform pressure to the gages. The apparatus is schematically 
shown in Fig. 2. Other devices for applying the gages in long narrow bores 
have also been developed. 

3. Fundamental Formulas from the Theory of Elasticity 

The equations derived by G. Sachs 3 in order to calculate the three spatial 
components of residual stress as functions of cross-sectional position hold 
only for the case of boring out. It remains to derive the stress equations 
required for the case of turning off; however, as we shall see, these are very 
similar to Sachs’ equations for the internal case. 

Before deriving the equations, we shall review some fundamental for¬ 
mulas from the theory of elasticity 25 . 

The strains e x , e v , e z in the three principal directions are related to the 
three principal stresses c x , <r v , a z by the equations 





l E [av 

l E [a ‘ 


— m(o-j/ + <**)] 


— n(a z + a x )] 


— /i(<7x + <Tv)\ 


(E = modulus of elasticity; y. 
tions, for <j t = 0, we obtain 


Poisson’s ratio). From the first tw r o equa- 



310 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 




( € * + #m*) 




C 6 !/ + M e x) 



In a tube of inside radius a and outside radius 6, under an internal pressure 
p a , there arise a tangential stress <r T and a radial stress a R at the position r: 



Under an external pressure pb , we have 





( 2 ) 

(3) 

(4) 

(5) 


In a thin-walled cylinder of wall thickness A r and radius r = a b, 
the cross-sectional area is 7r(6 2 — a 2 ) = 2?rr*Ar. Then (2) becomes 



4. Derivation of Stress Equations for Outside Machining 

The stresses at a given point p (cf. Fig. 3) change gradually as the out¬ 
side is turned off layer by layer. When the cylinder has been turned down 
close to the point p, the la} r er p itself retains stresses which suddenly dis¬ 
appear when that layer is removed. 

The stress components at the point p, 
the longitudinal stress a L , 
the tangential stress <r T , 
the radial stress <r R 

may therefore be computed from the strains in two parts: 


/ I _ // 

<Tl = O’ L + GL 

_ / I _ // 

O 't — 0 *T l“ T 


* 



Vr — Vr' + Vr" 

The stresses <r L ', a T ' and <j r are continually relieved by removal of layers 
Ap as long as p' > p. There then remains a residue <r L ", cr r " and a R " which 
suddenly vanishes only when the layer Ap at the distance p is itself removed. 
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3. Diagram for derivation 


of stress equations for turning off. 


5. Calculation of Longitudinal Stress Component <j l 

The longitudinal stress a L " is determined by the condition that removal 
of a layer with stress a/' and cross-sectional area Af = 27rp-Ap eliminates 
the stress A<r La . The stress Na La is here assumed to be uniformly distributed 
over the section / — f a = i r(p 2 — a 2 ). The condition of equilibrium then re¬ 
quires that 

a L "Af + Aa La (f - f a ) = 0 (8) 


Aa La is here the change in longitudinal stress in the wall of the bore. The 
relationship between this quantity and the elongations X (in the longitudinal 
direction) and 6 (in the tangential direction) is given by the first of Eqs. 
(1) with the substitutions a x = A o La ; e x = AX and e w = A 6: 

A<r lo = AL- ,(A\ + MA0) (9) 

1 — P" 

Substituting (9) in (8), we obtain 


// I? (f ^ AX d - T-A6 t \ r\\ 

<*L = n - 2 \J — Ja) --7- (10) 

1 — p- A J 

The removal of a layer of thickness Ap at a distance p' > p produces 
deformations corresponding to the application of stresses Aa La to the wall 
of the bore and A o L at the point p. 

Ag l is determined by the fact that the longitudinal stress over the en¬ 
tire section may be assumed uniform and equal to A a Ln from Eq. (9): 



E 


(AX + pA0) 


1 - M 2 
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The eliminated stress g l ' is therefore 

= “-2A g l = — (A + M#) (11) 

From (10) and (11), according to (7), we obtain 

**■' = ~T~s [(/ - /-) - ■ +/ A0 + ft + /**)] (12) 

If we conceive the layer Ap removed to be of such order of magnitude as 
to tend towards zero together with its cross-sectional area A/, then the 
quotient of differences in (12) is replaced by a derivative, and we obtain 

^ [(/ - /<•) rf(X # ^ + (x + ***)] (13) 

6. Calculation of the Radial Stress Component g r 

There is no radial stress on the free exterior of the surface layer of 
thickness A p. The interior of the layer is subject to a radial stress A g r " whose 
magnitude may be determined from Eq. (6) by taking p a = Ag r ", r = p 
and Ar = Ap: 


A<7 r " = <j t " •— (14) 

P 

Thus Agr" is of the same order of magnitude as the thickness of the layer 
Ap. 

The part g r " of g r is between 0 and Ag r ", and therefore negligible. The 
part g r , and therefore g r , may be obtained by summing the stresses A g r 
in the layers Ap at distances p > p. Again A g r is obtained from equation 
(5) by taking r = p, b = p' and pb = — A g r 

a- = (15) 

A g r ' represents the radial external stress of layer Ap at the distance p > p. 
At the wall of the bore the corresponding tangential stress is 

Ao-J-a = -^£-vW (16) 

p l — a 1 

This equation is obtained from Eq. (4) by taking r = a, b = p and p b = 
— Ag r . 

The stress A g T(1 may in turn be expressed in terms of the deformations 
on the inside wall of the bore if in the second of Eqs. (1) we take 
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(T y = A a Ta , e y = Ad and e x = AX 

A<r r „ = — 2 (A0 + mAX) (17) 

1 M 2 

From Eq. (16), by substituting Eq. (17), we can determine the quantity 
A <tr, which is then substituted in Eq. (15). 

We then obtain 


A<r« = (AS + M AX), 

1 M 2 2/ 


at the same time arriving at a R : 


<J R — 2A (T R — 


JE f-f c 

1 P 2 2/ 


(0 + pX). 


(18) 


7. Calculation of the Tangential Stress Component a T 

As a result of the external pressure Acthe tangential stress at the wall 
of the bore becomes 


Aa Tn = 


2 P A // 
A (Jr 


■ 2 - a 2 


(19) 


This equation is obtained from Eq. (4) by taking r = a, b = p and = 
A**". 

From Eq. (19), by substituting Eq. (14), we obtain 


A (j T . = 


2 p • Ap n 

* Cf T 


■ 2 - a 2 


( 20 ) 




From Eq. (20a), together with Eq. (17) we have 



-(/ - fa) 



Ad -f* pAX 

Af 


(20a) 



or' is obtained by summation of the stresses A(t t in layers Ap at distances 
p' > p. Again, Acr r follows from Eq. (4) by substitution of r = p, b = p' 

and Vb = ~ Act: 
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and by Eq. (16) and Eq. (17), 



( Ad + MAX). 

This further yields 


(Tt — 2A(T7» — — 


E f + f c 


1 - M 2 2/ 


(e + MX) 


( 22 ) 


The tangential stress component is then obtained by the second of Eq. (7) 
from Eq (21) and (22) if the quotient of differences in Eq. (21) is further 
replaced by the corresponding derivative, supposing Af to approach zero: 


<Jt — 


- [(/ -/«) d - - t — + (e + MX) 


df 


2 / 


(23) 


Finall}^ if for abbreviation we further introduce 


A = X + /id 

0 = 6 + /A 


in Eqs. (13), (18) and (23), it follows that 




(25) 

(26) 
(27) 


These equations (25), (26) and (27) were previously published in 1941, 

2 6 

without derivation, by G. Sachs and G. Espey . 


8. The Conditions of Equilibrium 

A means of verifying the correctness of the equations that have been 
derived is afforded by the conditions of equilibrium for a hollow cylinder of 
infinite length. For the case of external machining, these are: 
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1. < r L df= 0; (28) 

Jfb 

2. [ a <r T dr = 0; (29) 

3. k*](/ = / b ) — 0; 

It is immediately apparent that the third and fourth equilibrium conditions 
are satisfied by Eq. (27), if we consider that before machining, i.e., for / = 
fb , the deformation 0 is zero. It therefore remains only to verify whether 
the first and second equilibrium conditions are satisfied. 

For better understanding of what is to follow, we may recall a rule of 
the integral calculus: 

If u and v are two integrable functions of one and the same variable x, 
then 



The first and second equilibrium conditions may be considered satisfied 
if (t l and <j t are replaced by functions a L * and <t t *, respectively, that 
differ from a L and cr T by a constant factor — E/{ 1 — /z 2 ). From (25) and 
(28), we obtain 


-/ 

J fb 


(Tl 


*. 


df 


- C [<' - 


fa)~ + A 
d J 


]<*/=/1 


+ I2 + I* . 


The partial integrals I \, / 2 , Iz are computed separately: 



The sum of the three partial 


integrals, as is readily seen, vanishes: 


I — I\ + I 2 + Iz — 0. 

This completes the proof that the first equilibrium condition is satisfied. 
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The proof is somewhat more troublesome in the case of the second 
equilibrium condition, because a T must be expressed in terms of p instead 
of /. 

We have 


- « - a f + ^e; 


/ = * 7 > 2 ; 


dp 


= 27rp; 



d 0 _ dQ dp _ dQ 1 

df dp df dp 2irp' 


From (30) we have: 






2 , 2 \ 


/ is resolved into four partial integrals 


I = I\ + I2 + Iz + Ia 


which are computed separately: 







Again, the sum of the four partial integrals vanishes: 

/ = I\ + I 2 + h + ^4 = 0. 


Thus the second equilibrium condition is likewise shown to be satisfied. 

9. Example of a Combined Boring-Out and Turning-Off Test on a 

Subdivided Solid Cylinder 

• 27 

Such experiments have been performed by H. Biihler and W. Schreiber . 
The following example from these experiments is intended to show how a 
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boring-out test may be supplemented with a turning-off test in order to 
determine the residual stresses in the part of the cylinder not accessible 
to the former test. 

A solid cylinder of C 39 steel (cf. Table 1) with a diameter of 98 mm. and 
a length of 500 mm. was heat treated to produce internal stresses, by heat¬ 
ing to 550°C. and quenching in water after a suitable holding time. It was 
then divided into two parts of equal length. One half, in accordance with 
the usual procedure, had strain gages applied on the outside and was bored 
out for a cross-sectional area of 60.0 sq. cm. (cf. Fig. 4(a)), while the other 
half was bored out for a cross-sectional area of only 15.7 sq. cm., had strain 
gages applied to the wall of the bore, and was then turned down on the 
outside (cf. Fig. 4(b)). 

In Fig. 4(a), at the upper left, the elongations X and 6 observed in the 
boring-out test are plotted. Since a remaining cylindrical wall thickness of 
about 6 mm. had to be retained to avoid danger of errors in the measure¬ 
ments as a result of permanent deformations, observations in this boring-out 
test were obtainable only up to a cross-sectional area / = 66.0 sq. cm. The 
turning-off test, however, yielded observations in the remaining zone be¬ 
tween / = 66.0 sq. cm. and / = 75.4 sq. cm. (outside surface). These meas¬ 
urements are plotted on the left in Fig. 4(b). Next to the plotted observa¬ 
tions, on the right, the resulting calculated curves of longitudinal, tan¬ 
gential and radial stress distribution are plotted. The composite curves 
obtained from the results of the boring-out and turning-off tests, com¬ 
pletely reproducing the entire residual stress distribution in the original 
solid cylinder, are given in Fig. 4(c). These provide a complete picture, 
covered by measurement throughout. Regarding the calculation itself, 
we should add that Sachs’ equations were converted to a form in which the 
derivatives dA/df and dC)/df do not occur 28 . The interval from / = 0 to 
/ = f a is divided into N equal parts. This subdivision is then continued 
beyond f a until f b is exceeded. 

The new formulas for numerical calculation of residual stresses by the 
turning-off method then become: 






A„_i) + 


(0n+l “ 0n—l) + 


A n 




The equally spaced individual points of cross-sectional area are here 
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designated by the integers n = 1, 2, 3, • • • , N. These integers have like¬ 
wise been used as subscripts for A, 0 and ctl, a Tl and vr. 

10. Example of a Combined Boring-Out and Turning-Off Test on 

Undivided Solid Cylinders 

The boring-out and turning-off tests may also be performed successively 
on the same specimen, namely, the boring-out test on the interior zones and 
the turning-off test on the exterior. In this case, however, there remains an 
unmachined zone between the boundaries of the bored-out and turned-off 
material. For purposes of interpretation, then, the two stress distributions 
calculated from the boring-out and turning-off tests have to be connected 
across the unmachined zone. In contradistinction to the extrapolation re¬ 
quired for the unmachined boundary zone when either the boring-out or 
the turning-off test is used alone, we here have an interpolation between two 
stresses derived from observed values, which of course affords considerably 
greater accuracy in the result. 

In the experiment now to be described, a solid cylinder of the same ma¬ 
terial with a diameter of 98 mm. and a length of 250 mm. was heated to 
600°C. and quenched in water after a suitable holding time. After residual 
stresses had thus been produced, the part was subjected to a boring-out 
test up to 28.3 sq. cm. of cross-sectional area. The deformation function 
observed in these tests is shown in Fig. 5(a) on the left. Immediately to the 
right, we have the resulting calculated longitudinal, tangential and radial 
stresses plotted for the partial cross section removed. After completion 
of this partial boring-out test, longitudinal and transverse strain gages were 
applied to the wall of the resulting bore and the remaining hollow cylinder 
further subjected to a turning-off test. The cylinder was turned down step by 
step to 36.1 sq. cm. of cross-sectional area, so that of the complete original 
solid cylinder, there remained only a shell with a wall thickness of 7.8 mm.; 
this was not further machined, to avoid errors in the results because of 
permanent deformations. The results of the turning-off test are plotted in 
Fig. 5(b), including both the observed deformations and the distribution 
of longitudinal, tangential, and radial stresses in the machined zones. 

Fig. 5(c) is a combined plot of the results of the boring-out and turning-off 
tests. Across the unmachined intermediate zone, the curves of the stress 
distribution were completed by interpolation. 

11. Effect of Length and Subdivision of Cylinder 

In the procedure described, it has been tacitly assumed that after the 
cylindrical specimen has been cut into two equal lengths, the magnitude 
and distribution of the residual stresses over a cross section would be the 
same as in the undivided cylinder. * 
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Fig. 5. Determination of complete residual stress distribution in a quenched steel cylinder, solid. 
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This, as will be further explained below, is true to a sufficient approxima¬ 
tion provided the length of the piece after division exceeds twice the 
diameter. It is also assumed that the gage length is not greater than about 

20 mm. 

G. Sachs' equations 3 for the boring-out test, and the equations derived 
above for the turning-off test, have been set up for the residual stress con¬ 
dition of a cylinder of infinite length. These equations, in the case of a 
solid cylinder, satisfy the following equilibrium conditions: 



rf max 


n r maz 

A: 

/ e L df = 0 

B: 

/ cr T dr = 0 


Jo 


Jo 

C: 

[<Tfi] r =r maz = 0 

D: 

[<Trt]r= 0 = Wt\t^0 


The limits of integration in these equations, unlike those in formulas (28) 
and (29), are arranged to correspond to a boring-out test running from the 
center / = 0 towards the point of cross-sectional area/& = fmaz • 

For the face of a solid cylinder of infinite length, the equilibrium condi¬ 
tion A is replaced by the equilibrium condition 

E'. [^lI/occ = 0* 

The equilibrium conditions A, B, C, and E apply to hollow cylinders also. 
However, D is replaced by the equilibrium condition 

F: [*n]r=r a = 0 


In these formulas, a L is the longitudinal stress, a T the tangential stress, 
an the radial stress and / the cross-sectional area; r max is the radius of the 
cylinder, and r a is the radius of the bore in the case of a hollow cylinder. 
Near the face of a long cylinder, therefore, a different residual stress dis¬ 
tribution is to be expected—characterized by lower stresses from that at 
mid-length, where, for a sufficiently large ratio of length to diameter, the 
condition in a cylinder of infinite length is approached. Since this transition 
to the residual stress distribution near the face is doubtless continuous, at 
least an immediate neighborhood of the face may be supposed to have a 
different distribution of the field of residual forces from that at mid-length 
of the cylinder. 

From these considerations, formulated in terms of a solid cylinder but 
valid in principle in the case of hollow cylinders also, although with some¬ 
what different equilibrium conditions, the following conclusion may be 
drawn: If a cylindrical body is divided into two parts of equal length, new 
faces will be formed at the separation, one for each part, and the residual 
stress condition on these faces will likewise satisfy, among others, the 
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equilibrium condition 



The same case is encountered if the lengths of the two parts into which the 
body is divided are not chosen equal. If either, or possibly both, of the parts 
is relatively short, we shall'ultimately have a case in which the zones of 
influence of the faces, with their numerically smaller residual stresses, will 
touch or overlap. In the latter case, subjection to a boring-out or turning-off 
test as described above would result in lower observed residual stresses than 
in the zones at mid-length of the original undivided cylinder. 

The important experimental question can now be stated as follows: How 
long, at the least, must a piece separated from a longer cylinder—solid or 
hollow—be in order that, with the use of gage lengths of for example 20 
mm. at mid-length of such cylindrical segments, the boring-out or turning- 
off test will yield roughly the same residual stresses that would have been 
observed if the original cylinder had not been subdivided? This question 
can be answered on the basis of investigations by the present author 29 . 

The result of these investigations is illustrated in Fig. 6. Solid cylinders 
of 50-mm. diameter and 400-mm. length, 150-mm. diameter and 800-mm. 
length, 250-mm. diameter and 1300-mm. length, and hollow cylinders of 
150-mm. outside diameter and 50- or 75-mm. inside diameter and 600-mm. 
length, of the unalloyed steels indicated in Fig. 6, with chemical composi¬ 
tion as given in Table 1, after normalizing were heated to 550° or 600°C. 
and then vertically quenched in water to produce a state of residual stress. 
Following this preliminary treatment to produce residual stresses, the 
specimens were either not divided or else divided into suitable shorter 
specimens and then investigated for residual stresses by the boring-out test. 
Deformations in the boring-out test were measured in each instance on the 
outside of the specimen at mid-length, longitudinal changes being measured 
with a Huggenberger tensometer of 20-mm. gage length or with electrical 


strain gages, and the diametral and circumferential changes respectively 
by averaging a number of micrometer-caliper measurements and with the 
aid of electrical strain gages. Details of procedure will be found in earlier 


reports 


23, 24 


These extensive investigations showed that upon subdivision, the manner 


of distribution of residual stresses over the cross section of the specimens 


tested is substantially preserved. The plots of observed maximum stresses 
against length of specimen shown in Fig. 6 demonstrate that for gage 
lengths of 20 mm., residual stresses in detached specimens are roughly 
the same as those in the original longer specimens provided the ratio of 
length to diameter remains greater than about 2. In the case of hollow 
cylinders of moderate wall thickness, even shorter specimens will meet 
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A. Preliminary treatment of undivided cylinders: heoted ot 600°C., then vertically 

quenched in water 



o) Solid cylinder, 50mm.0 
C 30 steel 

(Length of quenched cylinders, 
400 mm.) 


b) Solid cylinder, 150 mm. ^ 

C 36 steel 

(Length ofquenched cylinders, 
800 m m ) 


c) Hollow cylmd e rs, 150x 5Omm.0 
C 39 steel 

( Length of quenched cylinders, 
600 mm.) 


d) Hollow cylinders, 150 x75mm. ^ 
C 39 steel 

( Length of quenched cylinders, 
600 mm.) 


B. Preliminary treotment of undivided cylinders: heoted ot 550°C., then vertically 

quenched in woter 



Specimen Length in mm. 


e) Solid cylinder, 250mm. 

C 36 steel 

(Length of quenched 
cylinders, 1300 mm.) 


• Longitudinol 
stresses 



Tongentiol 

stresses 


Fig. 6. Effect of specimen lengthen residual stresses. 
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Table 1. Chemical Composition of Materials Tested 


Material 


Chemical Composition (per cent) 



C 

Si 

Mn 

P 

S 

Cu 

Zn 

Sn 

Pb 

Fe 

Brass Ms 58. . 


— 

— 

— 

- - - 

59.42 

37.59 

0.17 

1.84 

0.49 

Steel C 30. ... 

0.30 

0.20 

0.75 

0.051 

* 0.030 


— . ■ 

- 



Steel C 36. ... 

0.36 

0.33 

0.64 

0.024 

0.023 

— 

— ■ - 

- - 



Steel C 39. ... 

0.39 

0.30 

0.85 

0.018 

0.022 

— 

— 

— 

— 

— 


this requirement, as Fig. 6(d) shows. This rule, which was verified up to 
cylinder diameters of 250 mm., serves to determine the conditions for sub¬ 
division of specimens in the present process for complete determination of 
a residual stress condition in metal cylinders. 

12. Examples of Complete Residual Stress Determination in 

Hollow Cylinders 

The method of procedure for complete determination of residual stress 
distribution in hollow metal cylinders 20 ’ 30 will now be explained in more 
detail with the aid of examples. In the tests, a hollow cylinder of Ms 58 
brass, of chemical composition as given in Table 1, was used. The dimen¬ 
sions of the hollow cylinder were as follows: outside diameter 60.3 mm., 
inside diameter 25.3 mm., total length 250 mm. To produce a state of 
residual stress, this specimen was heated to 800°C., kept at that tem¬ 
perature for 60 minutes and then vertically quenched in water. After 
quenching, the hollow cylinder was sawed into two equal parts, each 122 
mm. in length. While one half was subjected to a boring-out test in a known 
manner, the other half was turned down layer by layer and the resulting 
deformations in the axial and tangential directions measured by means of 
strain gages applied to the wall of the bore. 

The results are shown in Fig. 7. Fig. 7(a), for the boring-out test per¬ 
formed upon one specimen half, shows the deformations on the outside 
surface plotted against cross-sectional area bored out. This boring-out 
test was carried only to 21.8 sq. cm. of cross-sectional area, i.e., up to a 
bore diameter of 52.7 mm. The resulting distribution, calculated from the 
equations derived above, of longitudinal and tangential stresses over the 
bored cross section is represented in the right-hand portion of Fig. 7(a). 
The plot of the small radial stresses was omitted. Fig. 7(b) shows the 
result of the turning-off test performed upon the other specimen half of the 
hollow cylinder, carried to 13.4 sq. cm. of cross-sectional area, or to a 
diameter of 41.4 mm. The left-hand portion of Fig. 7(b) shows the de¬ 
formations measured on the wall of the bore in the course of external 
machining, plotted against cross-sectional area removed; the right-hand 
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Point of Cross Section, Sq. Cm. 

Fig. 7. Complete determination of spatial residual stress distribution in an Ms 58 brass cylinder, hollow, quenched 
in water from 800°C. 
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portion shows the resulting distribution, calculated from the equations 
derived above, of longitudinal and tangential stresses in the cross-sectional 
area turned off. Fig. 7(c), as an over-all result of the two tests, namely, the 
boring-out test of Fig. 7(a) and the turning-off test of Fig. 7(b), shows the 
complete composite distribution of longitudinal and tangential stresses 
over the cross section of the original hollow cylinder. The two tests were 
deliberately so performed that the curves partially overlap; in other words, 
for nearly half the cross-sectional area involved, residual stress values from 
both the boring-out and the turning-off test were obtained. The plot of 
Fig. 7(c) shows that the two branches practically coincide. In applying 
the proposed technique for complete determination of the residual stress 
distribution over the cross section of a hollow metal cylinder, it is sufficient, 
for ordinary purposes, to carry the two component tests, i.e., the boring-out 
and the turning-off test, up to some particular point of cross-sectional area, 
as was done in the next example. 

A hollow cylinder of 100-mm. outside diameter, 50-mm. inside diameter 
and 500-mm. length, of C 39 steel, with chemical composition as given in 
Table 1, after normalizing was heated to 600°C., and vertically quenched 
in water. After this treatment to set up stresses, the hollow cylinder was 
divided into two equal parts of about 250 mm. in length. One of these halves 
was investigated by the boring-out test up to 53.1 sq. cm. of cross-sectional 
area, or to a diameter of 82.2 mm. The results, with respect to the longi¬ 
tudinal and tangential stresses, are shown in Fig. 8(a). The other half was 
subjected to a turning-off test up to the same cross-sectional area, with re¬ 
sults as shown in Fig. 8(b). The plot of the radial stresses, very small relative 
to the longitudinal and tangential stresses, was omitted in this case also. 
By combining the residual stress distributions obtained in Figs. 8(a) and 
8(b) we obtain a complete measured residual stress distribution over the 
cross section, as shown in Fig. 8(c). The plot shows that the corresponding 
values at the boundary between the boring-out and turning-off tests, for 
both the longitudinal and the tangential component, are in excellent 
agreement. 

The present proposed technique for complete residual stress determina¬ 
tion in solid metal cylinders is of course applicable only to bodies in which 
each cross section, except for those near the ends, is in practically the same 
condition with respect to physical properties. It is thus applicable to heat- 
treated cylinders only if there has been absolutely uniform treatment, and 
to hot- or cold-formed cylinders only if there has been the same deformation 
in all cross sections. The procedure likewise tacitly assumes that the existing 
residual stress condition is axially symmetric. The latter requirement is only 
approximately fulfilled in many cases, which may account for the slight 
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method in a hollow C 39 steel cylinder. 
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deviations found upon combining curves from boring-out and turning-off 
tests (cf. Fig. 4). 

It may be added that the procedure described has actually been ap¬ 
plied 20, 30 to such measurements on hollow steel and brass cylinders, thereby 
confirming the practicability of the method. 

13. Summary 

Since the introduction of electrical bonded resistance strain gages in the 
determination of residual stresses in cylindrical metal bodies, it has now for 
the first time become possible, by appropriate procedure, to determine the 
spatial residual stress condition experimentally over the entire cross sec¬ 
tion, in complete fashion. The experimental procedure has been described 
in terms of examples of heat-treated steel and brass cylinders, solid and 
hollow, and formulas have been given for calculating the residual stress 
components. 
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Determination of Residual Stresses Below 

the Surface 

W. SOETE AND R. VANCROMBRUGGE 


Editorial Abstract 

In the method described by the authors they place three strain 
gages radially about a point at which the residual stresses are 
to be determined. A hole is then drilled at the center of the system 
of gages and the gages arc read as the drilling proceeds. At any 
instant the relaxed strains are then a function of the depth to 
which the hole has been drilled. From this relation the authors 
compute the residual stresses at any depth below the surface. 


The following considerations allow the approximate measurement of 
residual stresses below the surface. We first consider a homogeneous state 
of stress below the surface. The strain gages are placed at the surface in the 
directions a \, a 2 , <x 3 (Fig. 1). Upon drilling a hole at point A radius a and 
measuring the relaxed strain in the three directions as a function of the 
depth z of the hole, we obtain curves e a ' = f(z ), as represented in Fig. 2, 
where €«/, e a2 r and e a3 ' denote the strains measured at the surface as 
drilling through the plate proceeds. At a depth z the relaxed strains in the 
directions a?i, a 2 and a 3 can be written in the form 

e an ,z = Kne an ' n = 1, 2, 3 

If we assume the coefficient K to be independent of a this equation can be 
written in the form 



" = 1,2,3 (1) 


K is a function of (1) the depth z 

(2) the thickness d of the plate. 

For a given plate thickness the function K = f(z) can be determined ex¬ 
perimentally. If the state of strain is not homogeneous, the depth equation 
(1) is still valid in differential form: 
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and at a depth z : 



(de z /dz) z and ( dK/dz) z can be determined as the derivatives at a depth 



Fig. 2 
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z of the curves e a '*(z ) and K(z). Knowing those values, we calculate €,' in 
the three directions and calculate the stresses by the methods used for a 
homogeneous state of stress. 

We tried to determine the function K for the following condition: 

Type of strain gage, “Baldwin” AI. 

Plate thickness, 10 mm. 

Furthermore it was verified by measuring in different directions w hether K 
was really independent of the direction. In the case of simple extension the 
function K was measured in directions making angles of 0°, 30°, 45°, 60° 
and 90° with the direction of the stress. The results obtained are given in 
Fig. 3. This means that the assumption of K independent of a is not ful- 
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filled. This is probably due to the effect of the third principal stress. The 
highest deviation occurred for a = 90° and for a < 60°. K can actually be 
“written in the form 

R _ -0.2231 z + 0.0442 

—0.1333z 2 - 0.240z + 1 

where z is in millimeters.” 

The following table gives an idea of the error made by the method. A 
plate 10 mm. by 130 mm. in section 1000 mm. long was stressed in simple 
tension. The stresses below the surface were measured by the given method 
and the following results were obtained 

Actual stress: <n = 12.6 kg. per sq. mm. 

02 = 0 kg. per sq. mm. 

» 

a = 0° 

Measured stresses: 


Depth (mm.) 

<T 1 (leg. /mm. 2 ) 

<r 2 (kg./mm. 2 ) 

a 

1 

13.3 

2 

1° 30' 

2 

13.0 

1.7 

-20' 

3 

12.4 

0.8 

-0° 

4 

11.0 

-0.2 

-0° 
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Summary 


For the purpose of this monograph residual stresses are defined as those 
existing in bodies when no external forces are acting. Residual stresses in 
general cannot be ignored, neither their adverse effects nor their possible 
beneficial effects. Thej r combine with other stresses in the same way that 
any stress systems combine. Their adverse effects will be manifested more 
often in conjunction with other stresses not allowed for by computation, 
such as those at the bases of notches, than alone; residual stresses are 
neither “nothing” nor “all.” 

For engineers the burning question is “What effect can residual stresses 
have on structural performance?” The first paragraph of Harris’ paper is 
an excellent guide to thought on the subject. The only all-inclusive state¬ 
ment that can be made is to say that, in general, residual stresses of the 
same sign as those arising from the applied load are to be avoided, particularly 
at points of stress concentration. How important the avoidance is, however, 
and to what extent it is desirable to go to relieve residual stresses, or, as 
illustrated by Ffield, to distribute them harmlessfy by modifying the 
sequence of welding must be decided in each individual case. The opinion 
of many may be expressed in a paraphrase of a statement by Harris in the 
last paragraph of his paper that the hypothesis that residual stresses lead 
to failures has been of great utility in that modified practices based on the 
validity of this hypothesis have been proved successful by many years of 

experience. 

There follow below the opinions of the Committee on certain aspects 
of the residual-stress problem.* These opinions are based on statements 
made in the papers of the monograph and on the knowledge of the literature 
and the experience of the members of the Committee. 

• Superposition, Flow, and Fracture 

Residual stress as a mechanical concept is no different from any other 
stress. A residual state of stress at a point has exactly the same effect as the 
same state of stress from any other source would have. It follows that a 
residual state of stress superposes with any other state of stress in exactly 
the same way and to exactly the same extent as any two or more states of 
stress superpose, at least at strain rates below the critical strain rate at 

* The opinions expressed in this “Summary” are not necessarily those of the Ship 
Structure Committee or its member agencies. 
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which fracture changes from ductile to brittle. More specifically, so long 
as the behavior at any point in a body is elastic, at any instant algebraic 
superposition of the components of any stresses at that point, from what¬ 
ever sources, takes place. If, on the other hand, the resultant state of stress 
at a point is such that yielding occurs, superposition must be considered 
first of all as determined by the yield condition. For materials with tensile 
and compressive yield points* it is possible to state some fairly definite 
quantitative conclusions that apply until work-hardening occurs. 

The discussions that follow apply to a macroscopically homogeneous and 
isotropic material, that is, a material consisting of similar elements of finite 
size. The stresses referred to are average stresses over a large number of 
elements. The microscopic aspect of stress is imperfectly understood. 

When the stress at a point is uniaxial and the material yields, what is 
meant is simply that the material has reached the yield point in tension 
or in compression. When the state of stress is a multiaxial one, on the other 
hand, and yielding is spoken of, the concept is not so simple. The physical 
law or laws governing yielding in general are not even known. For a material 
with equal tensile and compressive yield points, however, two “laws” 
are in common use for practical purposes. The one that has found the greater 
favor, because it represents fairly accurately the results of many experi¬ 
ments and may be easier to apply than the other, states that yielding will 
begin when the energy of distortion reaches a critical value or, stated in 
another way, when the square of the octahedral shearing stress reaches a 
value equal to % times the square of the yield point in shear. Expressed 
mathematically, this criterion, sometimes called the Mises criterion, for 
yielding is 1 

(cri — <7 2 ) 2 + ((72 — (7 3 ) 2 + (o' 3 — C7i) 2 = 6fc 2 , (1) 

where 01 , <r 2 , <73 are the principal stresses and k is the shearing yield point of 
the material. 

The other “law,” attributed to Tresca, states that yielding will begin 
when the numerically greatest shearing stress reaches the shearing yield 
point, or mathematically, the criterion for yielding is 1 

[(c7i — (7 2 ) 2 — 4fc 2 ][(<r 2 — (7 3 ) 2 — 4& 2 ][(<7 3 — (7j) 2 — 4k 2 ] = 0. (2) 

* “Yield Point. —The stress in a material at which there occurs a marked increase 
in strain without an increase in stress. 

“It should be noted that only materials that exhibit this unique phenomenon of 
yielding have a yield point. The term yield point should not be used in connection 
with material whose stress-strain diagram does not become horizontal or does not 
show an actual drop of stress with increase of strain in the region of yield.” 1949 
Book of A. S. T. M. Standards, Part 1 , Ferrous Metals , p. 1231. 
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The two criteria are equivalent when any of the principal stresses is equal 
to the mean of the other two, that is, when 

(2<Ti — a 2 — G 3 ) (2<7"2 — 0-3 — 0"l)(2o- 3 — ~ <7 2 ) = 0. 

The second criterion, (2), which has also received experimental confirma¬ 
tion, is frequently used instead of the first, (1), when it leads to a simpler 
solution of the particular problem involved. This will usually be the case 
when it is known in advance which two of the three principal stresses are 
a maximum and a minimum. 

The greatest difference in the two values of any stress determined by 
the two criteria is about 15 per cent, and this difference occurs in the case 
of simple tension or simple compression 1 . 

Unloading from a stressed state in the plastic range is usually elastic, 
but a further complication may ensue in certain cases of unloading and 
particularly in cases of reversed loading. A part of a machine or structure 
may be stressed in the yield range in tension, for example, and the same 
part on unloading or reversal of load may be stressed to yielding in com¬ 
pression. The pattern of residual stresses changes with each cycle of load. 
It is often important in such cases to know limits of loads between which 
the machine or structure may be loaded without undergoing repeated plastic 
deformation in any part. Such limiting loads are called “shakedown” 
loads and are discussed by Hodge. 

In the work-hardening range the problem of plastic behavior becomes 
much more complicated 1 and is largely still in the exploratory stage. 

When it comes to fracture the field is wide open 2 . Discussions of fracture 
in this monograph, as elsewhere, often distinguish between shearing frac¬ 
ture and cleavage fracture, and it is frequently implied that a material has 
a shearing strength and a cleavage strength. For these concepts of strength 
to have a real meaning, they should represent physical properties of a 
material, like the yield point. In order to make the concepts of shearing 
strength and cleavage strength definite, the following meanings may be 
attached to these terms. 

By the shearing strength is meant the shearing stress at which the material 
would fracture in pure shear (one of the principal stresses zero, the other 
two equal and opposite, or (j\c 2 (jz = 0 and ai + <r 2 + <r 3 = 0), if the con¬ 
ditions were such that it could fracture in pure shear. It is not possible to 
determine the shearing strength with any known degree of accuracy, but 
this strength may be approximated probably fairly closely by twisting a 
hollow, circular, cylindrical specimen of the material at such a tempera¬ 
ture that fracture occurs by pure shear in a cross section. The shearing 
strength so determined is of course the shearing strength at the temperature 
of the test. 
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By the cleavage strength of a material is meant the stress at which it would 
fail under hydrostatic tension. This strength has never been measured. 

It is assumed that every metal at any temperature below its melting 
point has a latent shearing strength and a latent cleavage strength. The 
concept appears to be a useful one, even though it may not be possible to 
determine these strengths. It is sometimes implied that the shearing 
strength and the cleavage strength, in particular the cleavage strength, 
are independent of the state of stress. That is to say, for example, it is 
implied that if a tensile specimen ruptures on a cross section without 
necking or a hollow, cylindrical, torsion specimen fails on a 45-degree helix, 
the stress at rupture is the “cleavage strength.” Such implications are 
misleading because in general the two strengths so found will be different. 
It is preferable to speak of the “cleavage strength under conditions of pure 
tension” or the “cleavage strength under conditions of pure shear” but 
not simply of the “cleavage strength” when referring to tests of the kind 
mentioned. The strengths found in the tensile and torsion specimens are 
related to the cleavage strength as previously defined, if at all, through 
the laws of fracture. No generally accepted theory of fracture has yet been 
formulated, however. 

One other point may bear remarking on. It is possible to obtain frac¬ 
tures in pure shear with the fractured surfaces as smooth as if they had 
been polished, whereas no such smooth surfaces are ever found in tensile 
cleavage fractures of metals used for structures or machines. These facts 
have led to the suggestion that all fractures of structural metals involve 
shear on a microscopic scale. Jackson 3 mentions a suggestion that fracture 
involves both the octahedral shearing stress and the octahedral normal 
stress, (o’i + 0-2 + o- 3 )/3. 

It is generally agreed that when macroscopic plastic flow can take place, 
residual stresses are of no or little consequence so far as strength is con¬ 
cerned (except buckling strength). In this connection it may be pointed out 
that caution should be exercised in assuming that macroscopic plastic flow 
can take place. Shrinkage cracks in a weld, for example, form after the 
originally available ductility has been exhausted. When they do occur, it is 
frequently below the surface, where a triaxial state of stress can exist. If 
no cracks form, one may ask how much ductility is available in a subsequent 
state of stress arising from an applied load. Of interest here may be some 
work done at Rensselaer Polytechnic Institute on the crack sensitivity of 
welded joints 4 . Again, if a structure or element of a structure has been 
stress relieved by overstressing, it must be remembered that in parts of 
the structure the available ductility may have been reduced to the vanish¬ 
ing point for the state of stress induced by the overstressing load. Also, 
it must be remembered that some materials, like low-carbon steels, are 
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inherently brittle at low temperatures. Campus, furthermore, points out 
that aging may have produced brittleness and thus lowered the available 
ductility. The mere absence of cracks in a weld or in any other part of a 
structure known to contain residual stresses is no guarantee that any or an 
appreciable amount of plastic flow is possible. 

On the other hand, there are no better instances of the importance of 
residual stress than such spontaneous* fractures as are discussed by Arnott, 
Baldwin, Benson, Bijlaard, Campus, Harris, and MacGregor. The litera¬ 
ture abounds with similar cases. It may be noted that many of these frac¬ 
tures start at a flame-cut edge, where, according to Ffield, the residual 
stresses reach the yield point. It is clear in any case of spontaneous fracture 
that one or both of two things must have happened preceding the fracture: 
(1) the strength of the material changed, (2) the stresses in the material 
changed; or, from another point of view, the energy available for fracture 
or the energy required for fracture, or both, changed 5 . Since spontaneous 
fractures are usually delayed, it is natural to think of aging in seeking an 
explanation of them. If a system of residual stresses exists which is of such 
a nature that it could propagate a crack but not initiate failure, then the 
very localized stresses resulting from a process such as strain-aging and 
increasing gradually might well provide the initiation of failure that would 
then propagate spontaneously. While aging is ordinarily thought of as 
increasing the strength and decreasing the ductility 6 , M. L. A'. Gayler 7 says 
“There is now sufficient evidence at our disposal to deduce that, during 
the process of age-hardening, highly localized internal stresses are being 
continuously developed on a submicroseopic or microscopic scale,” and in 
a discussion F. A. Fox 7 says “Strain-ageing may have been a critical factor 
in some failures of mild-steel structure which have attracted attention.” 
Various explanations have been given of ways in which the stresses might 
increase. Two possible explanations have perhaps received more attention 
than any others. One is associated with the equilibrium of hydrogen 8 and 
is discussed in some of its aspects by Petch. The other assumes that relaxa¬ 
tion takes place, with a decrease in stress in some of the microscopic con¬ 
stituents throughout the metal and a resulting increase in others. This 
mechanism is mentioned by MacGregor and by Baldwin who give refer¬ 
ences to publications by Freudenthal and by Zener. 

Whereas a consideration of the effects of superposition is inherent in 
almost any discussion of residual stresses, some of the authors of the 
monograph treat specific conditions quantitatively, namely: Bijlaard, 
Hodge, Horne, and MacGregor. 

The complications that arise at high speeds of loading are discussed by 


* By “spontaneous” fracture is to be understood failure that cannot be explained 
readily as resulting from applied load or variation of temperature. 
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Miklowitz. It appears in this connection that superposition of reflected 
waves of stress initiated by fracture at one part of a structure may by virtue 
of the high strain rate cause cleavage fracture in another part. This matter 
is at present under investigation by Miklowitz. 

As pointed out by MacGregor and Rosenthal, the solution of the prob¬ 
lem of failure rests on a better understanding of the fundamentals which 
govern the behavior of engineering materials. It is to be emphasized that 
whether or to what extent residual stresses matter depends on whether or to 
what extent any stresses at the points at which they occur matter. Stresses 
are stresses, whether residual or otherwise. To what extent, if any, and how 
does fracture depend on stress? 

We may conclude as follows. If macroscopic plastic flow can take place 
safely, residual stresses will have no pronounced effect on the performance 
of a structure or a machine. If plastic flow is restrained, as under conditions 
of triaxial stressing, of inherent brittleness such as is found in low-carbon 
steels at low temperatures, or of exhausted ductility, then residual stresses 
combine with any other stresses present and the effect is the same as the 
effect of any combined stress, regardless of the origins of such a stress. In 
general, brittle materials seem to react in the same way as glass, which is 
known to be especially breakable in the presence of residual stress. 

Microstresses 

Residual stresses in a body are caused by some sort of misfit between its 
various parts. In a homogeneous isotropic body the misfit is usually caused 
by differential plastic deformation so that the several parts differ in size 
but not in kind. Since the changes in size must be on a macroscopic scale 
in order to be measured by the usual techniques, such a pattern of residual 
stresses is referred to as a macrostress pattern. If such a body were sub¬ 
divided into small blocks, each block would relax and be essentially stress 
free. 

If, on the other hand, the body were made up of small units which for 
some reason or other do not behave alike, the possibility of local misfit 
exists with its consequent pattern of stresses. Since the units most com¬ 
monly involved in a metal are the crystalline grains and these are generally 
of microscopic size, stresses of this type are called microstresses. Many 
examples of microstresses can be visualized. They may occur in single-phase 
metals if the crystals are anisotropic in behavior or in two-phase materials 
if the two phases have different properties. Imagine a casting of a single¬ 
phase metal in which the crystals have a different coefficient of thermal 
expansion in different directions. At just below the freezing point, the 
grains are randomly oriented but fit together perfectly. As the metal cools 
to room temperature, the differential expansion of the grains sets up stresses 
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from grain to grain which may be of very high magnitude but be balanced 
within a very local region. An exactly similar situation would exist in the 
case of a two-phase metal in which the phases have different coefficients of 
expansion. In a sense these are thermal stresses. However, they are not 
due to temperature gradients but rather to a variable expansion during 

uniform heating or cooling. 

Practically all metal crystals are elastically anisotropic which means 
that, for instance, Young’s modulus is different in different directions. Thus 
if a single-phase polycrystalline metal with a random grain orientation is 
subjected to a uniform load, neither the stresses nor the strains in the 
individual grains will be the same, and a system of microstresses results. 
In a two-phase metal, the crystals do not need to be anisotropic provided 
the two phases have different elastic constants, in order to produce a 

similar microstress system. # 

Plastic deformation of crystals is a highly anisotropic process in which 

the crystals deform by gliding on definite crystallographic planes and in 
definite directions. These directions are not the same in adjacent grains 
and the result is a misfit and a corresponding system of microstresses. 
Since the plastic deformation is not a reversible process, the microstress 
system due to this cause is residual in nature. This is probably the most 
common cause of microstresses in engineering structures. 

Phase transformations of various kinds may also be lesponsible for 
microstresses because of the volume changes involved. Ihe martensite 
transformation which occurs at localized points throughout the metal is a 
typical example as are the various precipitation reactions. Reactions in 
which gases such as hydrogen are precipitated from solution and concen¬ 
trate at various types of lattice defects can also produce high miciosti esses. 

It should be emphasized that the difference between macro- and micro¬ 
stresses is something more than just a matter of scale. Maerostiesses can 
be produced in any continuous, homogeneous, isotropic medium. Micro- 
stresses cannot exist in such a material. It is the essential heterogeneity of a 
crystalline material and its anisotropic behavior that make microstresses 
possible. The stresses at the root of a notch or around a veiy fine spot weld 
might actually be on a smaller scale than the microstresses due to giain 

interaction in a very coarse-grained metal casting. 

A plastically bent flat bar may serve to illustrate the simultaneous exist¬ 
ence of these two types of stress. The plastically deformed upper and lower 
surface layers together with the elastically bent center layer leact to foim 
a system of macrostresses in equilibrium with the applied load. The sur¬ 
face layers also contain microstresses resulting from the plastic deformation, 
and the center layer contains microstresses because of the elastic anisotropy 

of the metal crystals. 
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The existence of a system of microstresses in a body is reflected in many 
of its properties but in spite of this fact it is very difficult to obtain detailed 
pictures of the magnitude and distribution of the microstresses. This is due 
to the fact that the sensitive properties are generally those which can only 
be measured on a bulk specimen and the result is some sort of a root-mean- 
square value of the stress. The general microstress level is thus available 
but nothing of a very specific nature. Typical properties which are measured 
for this pui pose are the intensity of magnetization for ferro-magnetic sub¬ 
stances or the shape of the X-ray diffraction lines. 

The question as to what role the microstresses play in the performance of 
an engineering structure cannot be answered in any detail at the present 
time. There can be no doubt, however, that this role is an important one, 
particularly in those basic considerations having to do with the mechanism 
of fracture. The existence of microstresses is a fundamental feature of the 
problem of crystalline solids and the question of crystallinity and its 
consequences cannot be divorced from any precise treatment of the behavior 
of solids. T-he initiation of fracture is a very localized phenomenon and must 
be profoundly influenced by the local stress situation. A s} r stem of micro- 
stresses involves a considerable amount of latent energy which could be 
important in the early stages of crack formation even though this energy 
would not be available for the macroscopic propagation of the crack. 

The importance of the general problem is widely realized and much is 
being done of both a theoretical and a practical nature to speed its solution. 
The problem of microstresses with which this monograph is primarily 
concerned is not likely to be solved separately, but the pertinent answers 
will appear as work on the larger problem develops. 

Latent Energy 

The latent energy of a structure due to residual stresses or the energy 
due to the co-operation of residual stresses and load stresses is considered 
possibly to be of critical significance. Its importance is recognized during 
the process of failure and separation of the material 5 , and it is believed 
to be a possible factor in the circumstances approaching or accompanying 
initiation of failure. If the energy available for release in the region of the 
initiation of a crack is greater than the energy that can be absorbed, a 
crack may be expected to form or to propagate or both. Spontaneous 
fractures that have occurred under essentially no externally applied loads 
testify to the enormous amounts of energy that can be stored in structures 
or parts of structures. High levels of stored energy produce explosive and 
destructive failures, and apparently can have the effect of changing the 
mode of separation of the material as the fracture progresses. It is not yet 
clear whether a high latent energy level arbitrarily distributed in the 
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structure as a whole has any effect upon the plastic history of the material 


and the initiation of fracture. 

Campus points out that localized latent energy, such as that associated 
with local welding stresses, may be liberated through local deformation or 
through the formation of cracks of limited development corresponding to 
the liberation of the limited amount of energy stored in a small volume. In 
contrast, he considers the latent energy associated with reaction stresses 
of great importance. He questions whether the initiation ol a crack to 
produce fracture is necessary, whether in fact the crack does not alieady 
exist and merely requires energy for propagation. Rosenthal states that 
theoretically if the rate of crack propagation exceeds the rate of plastic 
flow, the crack can grow at the expense of the residual elastic energy le- 
leased by the process, and that the exact formulation of this process 
deserves further study. Benson and MacGregor refer briefly to the stoied 


energy available to spread a crack. 

Evan A. Davis 9 has conducted one of the few published programs to 
study specifically the effect of latent energy on the plastic behavior and 
fracture of structural steel specimens in the form of hollow biaxially loaded 
cylinders. Over the range of sizes of cylinders used, and for the specific 
ratios of biaxial principal stresses considered, he concluded that the latent 
energy does not influence the plastic behavior or point of initiation of 
fracture, but that the mode of separation may be greatly influenced, as 

well as the extent and violence of fracture. 

It is apparent from the literature that there is a need for research on this 

question of the influence of latent energy, and the mechanism whereby 
this influence affects the failure of structures. It is possible that a quantity 
of applicable empirical information is available in the field of ordnance 
behavior of armor plate, in the study of materials involved in fragmentation 
and terminal ballistics of missiles, and in the field of explosives and detonics. 
These data are probably compartmentalized in areas not commonly avail¬ 
able to civil or structural engineers, but nevertheless may represent a wealth 
of information which cannot be obtained otherwise at less than extreme 

expense. 

At the present time it seems appropriate to caution designers to main¬ 
tain as low reaction stresses as possible to avoid the potential hazard of 


high latent energy levels. 


Buckling 

Evidence is accumulating that residual stresses may have an unequivocal 
and pronounced adverse effect on the buckling strength of columns, and 
there is no reason to believe that a similar effect would not be present in 
any case involving structural instability. 
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Horne discusses the effect, based on the now generally accepted Engesser- 
Shanley theory of column action. Attention may be called to another 
theoretical paper by Osgood 10 and to a discussion of the subject by Yang, 
Beedle, and Johnston 11 . Ity the time this monograph appears it may very 
well be that some experimental results will be published. It is understood 
that investigations are under way or proposed at Lehigh University and at 
Purdue University. 

Besides the effect noted above, which is concerned with a variation of 
residual stresses through a cross section of a column or through the thickness 
of a plate, another effect should be noted: namely, the variation of residual 
stress throughout a panel subject to compression. If the stiffened edges 
of a panel are put into tension by welding stresses, for example, the plate 
in between will be subjected to residual compressive stress, and buckling 
of the panel will occur under a lower load in its plane than would otherwise 
be the case. 

There can be no doubt that residual compressive stresses in members 
subject to buckling cannot be ignored. The effect will be most detrimental 
in columns of “medium length,” and formulas used in design have actually 
provided empirically for a reduction in strength of medium-length columns 
—without the assumption of residual stresses no theory can adequately 
explain this reduction in strength. 

Variation of Temperature 

It had been hoped that the monograph would contain a paper on stresses 
produced by variations of temperature, by Professor Alexander Boodberg 
of the University of California, Berkeley; but what would undoubtedly 
have been a valuable contribution was lost by Professor Boodberg’s sudden 
death on July 19, 1952. 

When it is realized that under conditions of complete restraint a change 
of temperature of one degree Fahrenheit produces a stress of approxi¬ 
mately 200 lb. per sq. in. in steel, it becomes apparent that the stresses set 
up in structures by nonlinear variations of temperature may be important. 
Arnott mentions such variations as contributing to the failures of some 
ships, which he describes. Benson mentions variation of temperature as 
significant. Campus points out that in heavy, statically indeterminate 
structures the effects of nonuniformly varying changes in temperature may 
be dangerous, especially if the structure already contains residual stresses, 
notches, and welding defects. 

Hurst 12 concludes that large deflections in ships, due to temperature, do 
not generally involve correspondingly large stresses. Ffield reports moder¬ 
ate thermal stresses caused by natural temperature variations over a ship 
hull, but appreciably higher tensile stresses in refrigerated spaces. These 
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higher stresses are caused by a larger temperature differential (up to 80°- 
90°F.) located near the neutral axis so that there is little bending of the 

main hull girder to relieve the stress. 

Thermal stresses are developed whenever the expansion or contraction 
that would normally arise from heating or cooling a bod} 7- is prevented. 
They may be caused by the constraint of external forces, or because the 
normal expansions and contractions of different parts of a body are in¬ 
compatible with one another. In a free body only temperatures which can 
be expressed as linear functions of Cartesian co-ordinates cause no stress. 


Goodier 13 states: “In all cases where thermal stress is appreciable, it has 
a value kEaT (provided the elastic limit is not exceeded) where E is Young’s 
modulus, a the coefficient of expansion, T a temperature difference measured 
in a way depending on the particular problem, but representing in general 
the maximum difference of temperature between one part of the body and 
another, and k is a number of the order of one, usually between 0.5 and 2.5. 
Holes, flaws, notches, and other sources of stress concentration can affect 
thermal stress just as much as load stress, but they are not considered 


here.” 

The size of a heated or cooled spot in a plate does not affect the magni¬ 
tude of the stress provided the spot is small compared to the plate. However, 
the shape of the spot does affect the maximum stress. At the ends of an 
elongated ellipse the stress can approach a magnitude twice that of a 
circular spot while for rectangular spots very high shearing stresses are 
caused by the sharp corners. 

The shrink fitting of large bronze liners (up to 30 in. in diameter, 20 ft. 
long and weighing 4000 lb.) on steel propulsion shafting for ships results 
in combined residual stresses, including thermal stresses due to sharp 
thermal gradients caused by the quenching effect of the steel shaft during 
cooling. Superposition of the various residual stresses shows that the most 
probable failure area is near but not at the end of the liner, with the cracks 
nearly circumferential, that is, at a moderate angle (10°—20°) to the cir¬ 
cumference of a cross section. When failures do occur this is the usual loca¬ 
tion and orientation of the cracks. 

In structures, as it is the forces and moments which have to balance, the 
stresses developed by temperature differentials depend on the extent of the 
areas heated or cooled and their locations. In ships, in addition to tempera¬ 
ture differentials caused by the sun, air, and water, other temperature 
differences are caused by refrigerated spaces, hot machinery spaces, and 
hot cargo oil in tankers. 

Local stress relief to minimize existing residual stresses may introduce 
new residual stresses if the thermal gradient is too steep. Maxwell 14 shows 
that while the stress-relieving temperature is only necessary in the im- 
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mediate vicinity of a pipe weld, it is also necessary to have a relatively low 
temperature gradient on each side of the heated band to prevent new 
lesidual stresses from being set up during the stress-relieving operation. 

Roark 15 provides a group of formulae for calculating representative ex¬ 
amples of thermal stress, both for restrained and free bodies, and includes 
many references on the subject. 


Fatigue 

All machines and structures that carry live loads are subject to fatigue 
action. According to some authorities 80 per cent of all failures of machine 
parts are fatigue failures 16 . The percentage of failures of structures such as 
bridges and buildings that can be attributed to fatigue is undoubtedly much 
smaller. The elements of these structures, although subjected to a large 
number of repetitions of stress, undergo relatively few repetitions of high 
stresses (maximum allowable working stresses). That the possibility of 
failure by fatigue is considered important in structures is evidenced by the 
fact that structural specifications have long required reduced allowable 
stresses in members subject to reversal of stress and have called for the 
avoidance of sharp notches and other sudden changes in cross section, that 
is, stress-raisers. Residual stress itself is a stress-raiser in the sense that it 
raises the stress at a point to a value above the computed stress at the point. 

In engineering design, the results of research on small fatigue specimens 
have had an enormous effect on practically every type of high-speed prime 
mover and structural part. A considerable amount of new information has 
accrued from increasing the size of the specimen while retaining geometrical 
similarity, but the specific effect of size is still unknown. In the case of 
welded and riveted structures, it is impossible to study the scale factor since 
the other governing influences cannot be scaled down. As a result there 
are many aspects of the fatigue problem which are not clearly understood 
and a true theory of fatigue is still lacking. For example, some of the micro¬ 
scopic aspects of stress (including residual stress) may very well play a role 
in fatigue, but what that role is is not known. These observations should 
be kept in mind when considering the influence of residual stresses on the 
fatigue strength as discussed in this monograph. 

In the recent past there have been deliberate and useful attempts to 
improve design details with particular regard to reducing stress concentra¬ 
tion and surface imperfections, and in this respect the benefits of residual 
stress have been given due consideration. Different points of view on the 
significance of such stresses are presented in the monograph by a group of 
experts in their own fields. The accepted conclusion as stated by Benson 
is that residual stresses do affect the fatigue strength of a component or 
structure. 
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Whereas residual stresses superpose with other stresses as discussed in 
the section on Superposition, Flow, and Fracture, under repeated loading 
the stress system may change progressively. Whether it changes signifi¬ 
cantly and how it changes depend on a number of factors, macroscopic and 
microscopic. Foremost among the macroscopic factors is the relation of the 
stress system at a point to the stress-strain characteristics of the material. 
Thus, for example, one would expect different behavior in a material having 
a yield point, which is stressed into the yield range, from what one would 
expect in a material that exhibits monotonically increasing stress with 
increasing strain, that is, a material that begins to show appreciable work¬ 
hardening at low stresses. Again, one finds different behavior under 11011 - 
uniform stressing (e.g., bending, torsion) from that found under uniform 

stressing (e.g., pure tension, pure compression). 

Most of the practical interest in the effects of residual stresses on fatigue 

strength or fatigue life is centered on the effects of surface stresses. Ihe 
contributions of Ilorger and Neifert, and MacGregor in varying degree 
support the thesis that the surface is weaker than the interior and that 
any process which promotes surface compressive stresses is beneficial. 
There is fairly general agreement, however, that surface stresses, whethei 
tensile or compressive, in a material having a yield point* may affect the 
apparent fatigue strengthf by something of the order of ten per cent at 

most. , . 

In considering the effects of residual stresses on fatigue strength or fatigue 

life, other factors affecting these properties must not be lost sight of. Steels 
drastically quenched and hence retaining high compressive stresses 111 the 
outer layers can have their fatigue strengths improved by tempeiing though 
the residual surface stresses are reduced. I 11 a series of tests described by 
Gillett and Mack 17 the fatigue limit of a group of quenched, hard, steel 
specimens was markedly improved by prolonged tempering. Ihe Biinell 
hardness number was thereby lowered somewhat and a decreased fatigue 
limit would be expected. In a discussion of these results 18 the staff of the 
Bat telle Memorial Institute presume that the improved endurance is 
attributable to relief of some of the quenching stresses. Such an explanation 
would seem to imply that in the specimens tempered only for the usual 
time either superposition of the compressive stresses from the load on the 
high residual compressive stresses or possibly superposition of the tensile 
stresses from the load 011 the residual tensile stresses (below the surface) 
caused flow and microscopic cracks which resulted in a lower fatigue limit. 

* For definition of yield point see first footnote in the section, Superposition, Flow, 
and Fracture. 

t “Fatigue Strength — The greatest stress which can be sustained for a given num¬ 
ber of stress cycles without fracture.” Manual on Fatigue resting , Special Technical 
Publication No. 91, American Society for Testing Materials, 1949. 



348 RESIDUAL STRESSES IN METALS AND METAL CONSTRUCTION 


Decarburization produces surface tensile stresses and results in a lower¬ 
ing of the fatigue strength, but the decrease in fatigue strength is greater 
than can be accounted for by these tensile stresses because the loss of 
carbon itself also lowers the fatigue strength. Again, cold drawing may 
induce residual surface tensile stresses, and yet the fatigue strength may 
be improved. The improvement is presumably due to the fact that the 
beneficial effect of the surface hardening is greater than the detrimental 
effect of the residual tensile stresses. 

While the generally favorable effect on fatigue strength, and more so on 
fatigue life, by surface cold working is definitely established, the explana¬ 
tion of the phenomenon ordinarily involves two factors: (1) hardening of 
the surface layers and (2) compressive stresses in the surface layers. The 
effects of these factors can be separated in tests in which only one factor 
appears at a time or in which one is varied and the other held constant. 
Tests along these lines have been made by Almen 19 , by Horger and Neifert, 
and by others; and further, more exhaustive tests could and should be made 
for a clear understanding of the separate effects of the two factors in ques¬ 
tion. 

Thus, Almen 20 proposes a method “whereby the relative effectiveness of 
‘work-hardening’ and residual stress may be measured.” Rosenthal and 
Sines in Rosenthal’s reference 17 to his paper “Effect of Residual Stress on 
the Failure of Engineering Materials” separated out the work-hardening 
factor by prestressing some groups of notched aluminum-alloy bending 
fatigue specimens in tension and other groups in compression. As would be 
expected, the effects depended on the alloys used. In a soft alloy there was 
little, if any, effect. In a hard alloy, on the other hand, there were pro¬ 
nounced effects, the specimens with the residual compressive stress showing 
higher fatigue strengths and those with the residual tensile stress lower 
fatigue strengths than specimens which had not been prestressed. In the 
Discussion of Rosenthal’s and Sines’ paper Templin cites some significant 
rotating-beam fatigue tests of circumferentially V-notched aluminum- 
alloy specimens. When specimens were prestressed in tension, resulting in 
compressive residual stresses at the root of the notch, the fatigue strength 
at 10,000,000 cycles was 75 per cent higher than that of specimens not 
prestressed; and when specimens were prestressed in compression, resulting 
in tensile residual stresses, the corresponding fatigue strength was 33*^ per 
cent of that of specimens which were not prestressed. It will hardly be 
claimed that the difference in sign of the deformation which produced the 
work-hardening can account for the differences in fatigue strength that were 
observed in all these tests. 

Welded structures must be considered apart since these present their 
own problems, as indicated by Campus. There is also an unknown factor 
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due to size effect and it is difficult to explain by scale models on account of 
the welded connections. The same is true for riveted construction. 

We draw the following conclusions. For a material having a yield point, 
under conditions of reversed or rotating bending, residual stresses will in 
general not affect the fatigue strength more than about 10 per cent. For 
other materials and other conditions of loading each individual case must 
be considered by itself, although the preponderance of evidence is that in 
the presence of a gradient of stress, as in bending and as at the root of a 
notch, compressive residual stresses in the parts of the structuie where the 
maximum applied tensile stress occurs are beneficial, and contrariwise 

tensile residual stresses are harmful. 


Measurement of Residual Stresses 


Little can be added to what has already been said about the methods of 
residual stress measurement. Since residual stresses form an internally 
balanced system of stress and are produced by mutual interaction of 
various elements of the strained body, the subdivision of the body into 
parts will cause an unbalance and partial relaxation of stress in each part. 
This principle is at the base of every mechanical method of measuring 
residual stresses since the early applications at the beginning of this centuiy. 
During the succeeding decades the methods were multiplied and refined. 
Today w r e are faced with a variety of methods which have been classified 
recently 21 in no less than sixteen categories. 1 he techniques of subdi\ ision 
are no less diversified. It is hardly an exaggeration to say that w e know moie 
at present about measuring residual stresses than we know what to do about 
them. Yet, there are still problems which are unsolved. One of them is 
the measurement of triaxial stresses. Soete and Vancrombrugge deal to 
some extent with this problem. Oddly enough, the only case of tiiaxial 
stresses which is amenable to measurement is also one of the eailiest to ha^ e 
been analyzed 22 . It deals w ith residual stresses in solid rods and thick-w ailed 
tubing having rotational symmetry. r Ihe method is commonly known as 
Sachs’ boring-out method 23 . Like many others it has undergone several 
modifications. One of the latest is given by Biihler. New’ techniques of 
measurement and fields of application have been dealt with lecently by 
R. Gunnert 24 and R. Week 25 . These are by no means the only recent ad¬ 
ditions to the already voluminous literature on the subject. Howevei, no 
useful purpose can be served by going over the methods which have alieady 
been described and w r hich can be found in references 21, 20, and 27. The 


Committee feels that the purpose of this Summary will be bettei sei\ed 
by emphasizing not the methods, but what they really mcasuie. Insofar 
as mechanical methods are concerned this question has been analyzed 


by Rosenthal. Tw r o points bear mentioning: 
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(1) Mechanical methods usually measure stresses that are balanced over 
portions of body which are large compared to the microstructure. In such 
portions the microstresses are pretty well balanced. Hence, as a rule, me¬ 
chanical methods measure only macrostresses. 

(2) The state of stress relaxed by subdivision depends upon the manner 
in which the process of subdivision has been carried out. Specifically, it 
depends on the geometry of the part in which the relaxed strains are being 
measured. With a judicious technique of subdivision it is possible to com¬ 
pute the relaxed stress from the relaxed strain by using known formulae of 
strength of materials, but care must be exercised that the underlying theo¬ 
retical assumptions are justified. Otherwise, the computation is meaningless. 

The destructive character of mechanical methods has been one of the 
major incentives for using physical methods which leave the explored body 
intact. Among these methods the X-ray diffraction technique is one of the 
most important, since it measures directly strains in the distorted crystalline 
lattice of the strained metal. However, unlike the mechanical methods, the 
X rays do not deal with the average situation, but sample only a particular 
class of the grain aggregate. If the sampling is not representative of the 
average—and it generally isn’t—the microstresses do not cancel out and 
remain superimposed on the macrostresses. In this case, the X-ray and 
mechanical methods do not measure the same thing. 

This problem is examined in two papers, one by Hyler and Jackson and 
the other by Greenough. Hyler and Jackson are of the opinion that if X-ray 
measurements are different from the mechanical ones, they can have little 
practical value. Greenough believes that the knowledge of microstresses 
could conceivably be correlated with mechanical and other properties. 
Current work at the Department of Engineering, University of California, 
Los Angeles 28 , seems to support this latter view. 

Ships 

Since the Ship Structure Committee is supporting the present work, it 
seems appropriate that the Committee on Residual Stresses should express 
itself on the effects of residual stresses in welded ships. 

First of all, as stated elsewhere in this “Summary,” residual stresses as 
stresses are no more nor less important than any other stresses. Since the 
design of a ship is based largely on the evaluation of the stresses in different 
parts of the ship, especially the hull, reduction of residual stresses, par¬ 
ticularly reaction stresses*, is as desirable as reduction of any other stresses. 

* “Reaction Stress: The residual stress which could not otherwise exist if the 
members or parts being welded were isolated as free bodies without connection to 
other parts of the structure.” Welding Handbook , third edition, American Welding 

Society. 
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Several authors of the monograph have discussed the role of residual 
stresses in the failure of engineering structures both from the point of view 
of the effect of these stresses on the initiation of fracture as well as then- 
effect on the propagation of fracture. The rapid propagation ot fracture 
(brittle or essentially brittle) is considered to be conditioned by the release 
of elastic energy from the system. T he latent energy depends on the lesidual 
stresses, primarily the reaction stresses, the localized residual stresses 
directly associated with the weld not being considered important contribu¬ 
tors to the elastic energy stored in the structure. Arnott discusses spon¬ 
taneous failures of some ships, “that can only be explained by assuming 
that residual welding stresses contributed to the structural failure. 
There are numerous instances of other structural failures which w ould 
have been impossible in the absence of residual stresses. There is no reason 
to believe that residual stresses are less important in ships than in other 


structures. 

Whereas reaction stresses in every 


way play the same role in failure as 


stresses from applied loads, local welding stresses may or may not have 
negligible effects. The following discussion is concerned piimaiily with 


these stresses. 

As indicated under Superposition, Flow, and Fracture, initiation of 
brittle fracture can occur at a lower load when residual tensile stresses are 
present than w-hen they are not. This situation obtains especially when 
the structure is operating below’ its transition temperature and the mateiial 
is in a notch-brittle condition. On the other hand, when the material is in a 
notch-tough condition and plastic flow' can take place, local residual stiesses 
are relieved and have little or no influence on the initiation of fracture. 

Most service failures in ships have originated and propagated in the deck 
and bottom shell. In these areas the residual stresses are compressive except 
in welds and immediately adjacent narrow zones. 1 hus one effect of residual 
stresses in ships may be that of assisting in the initiation of brittle fiactures 
(in w-eld areas where residual stresses are tensile) and that of reducing 
slightly the fore-and-aft tensile stresses acting generally in the deck and 


bottom plating. 

Numerous fractures have originated at defective welded butts (hull 
girth w-eld s). These fractures, however, follow- the girth welds only as long 
as the w’eld is defective and then run out into the plate and continue in 
plate material. From a study of the material at the origin of several such 
failures it is difficult to determine whether plastic flow’ preceded fi acture and 
thus to know- w-hether local residual stresses may have assisted in initiating 
failure. Here it may be useful to consider low-temperature stiess relieving 
such w-elds in order to reduce the transverse tensile residual stiess com¬ 
ponent (fore-and-aft residual stress component) thereby reducing the 
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intensity of the total tensile stress acting in the extremities of the weld 
defects. The fore-and-aft residual stress component while usually low may 
reach tensile values of 11,000 lb. per sq. in. in the weld 29 . 

Whereas it is quite possible that low-temperature stress relief of all 

accessible welds in the middle half of a ship would reduce the liability of 

failure, it is impossible to estimate whether the reduction in number of 

failures would be a fraction of a per cent, one per cent, ten per cent, or 

fifty per cent. It would be informative to study those ships that have 

already been low-temperature stress relieved and follow their subsequent 

history. In a few years it should be possible to tell definitely whether stress- 
relief is worth while. 

It is by no means clear that fatigue may not be a factor in the failure 

of welded ships 13 * 30 * 31 . It should be pointed out, however, that in spite of 

detailed examination of fractures, none of the fractures at the point of 

initiation have shown the typical characteristics usually associated with 
fatigue failures. 

The outcome of extensive research conducted directly on ships is sum¬ 
marized by Ffield’s statement “Residual stress patterns in ‘all-welded’ 
Libeity ships, riveted and welded’ Liberty ships, and Victory ships are 
identical for all practical purposes; but major failures in the ‘all-welded’ 
Liberty ships have been significantly more prevalent than in the Victory 
ships or partially welded Liberty ships.” These findings lead to the con¬ 
clusion that whatever effect residual stresses may have can be modified by 
the design and method of construction of the ship. 

To summarize: Residual stresses may assist in the initiation of brittle 
fractures in ships and affect adversely the fatigue strength of ship steel. 
The effect of residual stresses (reaction stresses) on the propagation of 
ship fractures is less clear; but unless spontaneous fractures can be ex¬ 
plained in the absence of residual stresses, these stresses cannot be con¬ 
sidered unimportant. All this is not to say that a more fruitful source of 
reducing ship fractures may not lie in improved steel or elsewhere than 
in going to great lengths to lower the residual stresses. 

Recommendations for Research 

An examination of this “Summary” reveals the fact that there are many 
problems concerning residual stresses which still remain to be solved. It 
seems proper therefore that the Committee should make some recommenda¬ 
tions about areas in which further research would be not only desirable but 
very profitable. 

Perhaps the most fundamental area of all has to do with the basic mecha¬ 
nism of fracture itself. This obviously is the key to the solution of all 
problems of failure and the complete solution would undoubtedly reveal 
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quite clearly the role of residual stress. The problem in itself is extremely 
complex and is probably not capable of immediate solution. The most 
needed research is of the old-fashioned, fundamental kind, in which a few 
selected, separated individuals, not groups, would be given funds and as¬ 
sistants to study the ultimate causes of failure, more specifically of fracture. 
They should be let alone and not expected to “show results” month by 
month or year by year or, for that matter, at all! It would be hoped that 
results would be forthcoming, and it is inconceivable that they would not, 
although as in the study of cancer, the desired answer might be far off or 
even unattainable. It is deplorable that this type of research has been 
superseded almost entirely by so-called “contract research,” a misnomer. 

To be effective the attack on the problem of residual stresses should be 
on a broad front. Campus and Harris, among the authors of this mono¬ 
graph, have cautioned against expecting to find all the answers in the 
laboratory. Hall and Parker 32 state “It appears that field experience is not 
in accord with laboratory experience.” According to Rieppel and Voldrich 33 
“Unfortunately, there is too little direct correlation between service failures 
and laboratory tests results.” The second paragraph of Harris’ paper is a 
particularly penetrating prdc-is concerning laboratory research and labora- 


torians. It is commended to the reader. 

In view of the long-range nature of the basic problem there are some spe¬ 
cific areas which could be examined with profit. 

Research on the possible effects of residual stresses on fatigue strength 
involves several variables, and the picture is not clear. Qualitatively much 
is known, but quantitatively little. One specific problem might be an inves¬ 
tigation of the characteristic appearance of fatigue fractures involving 
high stresses and a relatively low number of cycles with a view to compari¬ 
son with the origin of fracture in ships. 

The relation between aging and residual stresses has been insufficiently 
explored. 

There are indications, only recently realized or fully appreciated, that 
residual stresses may have a profound effect in lowering the buckling 
strength of structural elements subject to compression. Financial interest is 
beginning to be shown in the stud}' of this effect. The field is large and there 
is room for much investigation not only of columns but also of stiffened 

panels. 

Continued, thorough phenomenological inquiries into the mechanism of 
crack propagation including the effect of residual stresses combined with 
high-speed dynamic loading might be fruitful and are certainly of major 
interest today. 

Probably closely allied to d 3 mamic effects are effects that may be as¬ 
sociated with storage of large amounts of residual energy. Much concern 
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has been expressed over the potentialities of this energy for harm, even by 
people who incline to minimize the importance of residual stresses To 
produce convincing results, research on the effects of latent energy would 
probably have to be conducted on a large scale, involving either actual 
structures, or considerable components of them, or the use of large testing 
machines (million-pound capacity). It may be, however, that the presence 
of large amounts of latent energy, in such structures as ships, for example, is 
the most important single factor associated with fracture; and so long as 
this possibility exists, expensive research would seem to be justified. 

It is known that under load, nominally the same materials behave dif¬ 
ferently when in geometrically similar forms of different size. The micro¬ 
structure cannot be varied geometrically, however, and the gradients of 
stress and strain corresponding to the same maximum values of these 
quantities will be different when the size of the piece changes. The effect 
of residual stresses may be conditioned by the dimensions of the structural 

element in which they occur, and therefore the size effect is a subject of 
worth-while study. 

It is imperative that better and simpler nondestructive methods of 
measuring residual stresses over small areas be developed, and these 
methods should not be limited to the measurement of surface stresses. The 
measurement of any property of a metal which depends on the state of 
stress should be considered as a potential basis for a method by which 
residual stresses could be determined. 

It should be emphasized that a metal is not homogeneous and isotropic. 
The pictuie of stress on a microscale is consequently much more compli¬ 
cated than on a macroscale. Research establishing the residual microstress 
pattern in more detail and its influence upon mechanical behavior is ur¬ 
gently needed. 

The problem of the environment in which metals operate and the pos¬ 
sibility of the role played by stress corrosion should be seriously considered. 
Even in mildly corrosive environments the presence of residual stresses is 
known in many cases to be important and can lead to cracking. The field 
has not been studied as extensively as it should be. 

Although much work has been done on the problem of stress relieving, 
a thorough study should be made of the actual mechanism of the stress- 
relief process itself. This applied to both thermal and mechanical methods 
of stress relieving, and the process itself should be carefully differentiated 
from other phenomena usually associated with the stress-relief treatment. 
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Drive shafts, rear-axle, fatigue strength 
of, 237-239 
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55, 57, 60-71, 72, 351, 352 
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initiation and propagation of, 18-20. 
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193-199 

Girth welds, studies of, 53-58 
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123 
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Griffith crack, 196, 197, 198, 258 
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Locked-in stresses, definition of, 43 


INDEX 


361 


Macroplastic flow, 117-122, 125 
Macrostresses, 12, 119, 298, 340, 341, 350 
Martensite transformation, 341 
Measurement of residual stresses, 9-12, 
45, 46, 98-99, 249-251, 271-282, 
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mechanical methods, 273-282, 349-350 
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350 
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originated by gas inclusions, 193-199 
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351 
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Peening, 48, 77, 78, 81, 88, 95, 98 
shot, of steel shafts, 121, 225, 227-228 
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120, 123, 124, 163, 164, 205, 208, 210, 
212, 213, 257, 269, 301, 338, 339, 340, 
351 

Plastically strained aggregates, 290-294 
Plates, determination of residual stress 
in, 277-278, 279-280 

Potential energy, elastic. See Elastic 
potential energy 
Preheating in welding, 96 
Press-fitted assemblies, fatigue strength 
of 

with heavy-wall shafts, 225-235 
with light-wall shafts, 235-237 


Pressure vessels, welded, manufacture 
of, 23-32 

Prestressing, 21, 263 

Quenching stresses, 347 
in steel shafts, 221, 235 
in tubing, 237 

Rails 

propagation of cracks in, 19-20 
X-ray studies on, 301 
Reaction stresses, 13, 15, 17, 33, 42, 87, 
92-93, 274, 275, 276, 277-278, 343, 
351,352 

definition of, 350 

Reduced modulus load, 153, 154, 156 
Refrigerator ships, 72, 73, 344, 345 
Relaxation, 339 

Residual stresses, definition of, 335 
origins of, 12-14 
Reversed loading, 337 
Riveted ships, 38, 49-51, 74 
Rods, solid, determination of residual 
stress in, 279 

Rolling stresses, 2, 3, 4, 5, 46, 47, 49 
Riidersdorf bridge, 17, IS 

Sachs’ boring-out method. See Boring- 
out method 

Scantlings, definition of, 39 
Seam, definition of, 39 
Seam welds, 48, 49 
Season cracking, 123 
Service loading, residual stresses under 
fatigue, 80-82, 94-95 
static, 78-80, 93-94 
Shafts, steel. See Steel shafts 
Shakedown, 143-144, 163-185, 337 
beams, 175 

continuous media, 181-183 
definition of, 164, 171-172 
frames, 176-181 
theorem, 172-177 
trusses, 165-175 

numerical example, 187-192 
Shanley load, 152-160, 344 
Shearing fracture, 337 
Shearing strength, 337 
Sheer strake, definition of, 39 
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Shells, cylindrical, determination of 
residual stress in. See Cylinders 
Shipbuilding terms, glossary of, 39 
Ships, welded. See Welded ships 
Shock loading, effect of residual stresses 
on, 201-216 

Shot peening of steel shafts. See Peening 
Shrink fitting of liners on shafting for 
ships, 345 

Shrinkage, 6, 15, 17, 21, 87, 88, 97-98, 
132, 134, 135 

Shrinkage cracks, in a weld, 338 
Small-scale residual stresses, 140, 160 
effect on compression members, 153— 
155 

effect on deflections, 144-145 
Spontaneous fractures. See Fractures 
Steam inclusions in copper or silver, 
fissures caused by, 194 
Steam pipes, steel, welded joints of, 28- 
30, 79-80 

Steel plates, cracking of, 30-31 
Steel shafts, fatigue strength of, 221-225, 
237-239, 244-249 

Strain-aging, 3, 4, 6, 16, 18, 19, 44, 104, 
205, 339 

Strain gages. See Measurement of resid¬ 
ual stresses 

Strain-hardening, 107, 118, 175, 182, 183, 
184, 191, 195,227,249, 256 
Strain rates leading to brittle fracture, 
115-117, 122, 197, 335-336 
Strake, definition of, 39 
Stress relieving, 14, 15, 24, 25, 26, 28, 42, 
53, 72-73, 76, 77, 78, 79-80, 88, 96, 99- 
100, 119, 122, 203, 206, 207, 241, 301, 
338, 345-346, 351, 352, 354 
low temperature, 48, 49,100 
of ships in service, 72-73 
summary of methods of, 99-100 
Stress-corrosion cracking, 123 
Superposition of stresses, 15, 202-216 
220, 256, 335-336, 339 

Tangent-modulus load, 152, 153 
Tank top, definition of, 39 
Temperature 

low, role in brittle fractures, 18, 43—44, 
78-79, 83, 116 

variations in, stresses produced by, 
344-346. See also Thermal stresses 


Textural stresses, 104, 272 
Thermal stresses, 18 , 35, 76, 237, 239- 
240, 341, 344-346 
in welded ships, 71-72 
produced by quenching, 221, 223, 344 
Thermal stress relief, 99-100 
Transformation stresses, 223 , 224, 237, 
239-240 

Transition temperature, 133-134 
Trepanning method of measuring resid¬ 
ual stresses, 10, 11, 46, 49, 51, 52, 
60, 62, 64, 74, 99 , 272 , 280-281 
Triaxial stresses, 35, 42, 115, 116, 128, 
132, 133, 195, 295, 306, 338, 340 
avoidance of 134-138 

measurement of, 279-280, 349 
Trusses 

elastic-plastic behavior of, 165-172, 
187-192 

shakedown theorem applied to, 172-175 
Tubing, determination of residual 
stresses in. See Cylinders 
Turning-off (and boring-out) method of 
measuring residual stresses. See Bor¬ 
ing-out method 

Uniaxial stresses, 14, 15, 256, 257, 258, 
287, 288, 289, 293, 336 
measurement of, 274-277 

Victory ships, measurement of deck 
stresses in, 49-52, 56, 58, 59, 60, 70, 

74 

Vierendeel bridge, failure of, 7, 16 

Welded bridges, failure of, 5-9, 16 
Welded joints, crack sensitivity of, 338 
Welded plates, determination of residual 
stresses in, 279-280 

Welded pressure vessels, manufacture of, 
23-32 

Welded ships 

failure of, 33-39, 44-44, 93, 350-352 
residual stresses in, 41-44, 350-352 
investigation of, 45-74 
measurement of, 11, 280 
thermal stresses in, 71-73 
Welding sequence, 48, 88, 96, 97 
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Welding stresses 
and service loads, 78-82 
direct, 13, 14, 15, 16, 17, 18 
generation of, 76-78, 86 
indirect 13, 15, 17, 18 
kinds of, 86-88 
Welds 

avoidance of high triaxial stresses in, 
134-138 

shock loading of, 202-216 
Work hardening, 107, 120, 336, 347, 348 


X-ray techniques, used for measuring 
residual stresses, 12, 99, 204, 242-243, 
250, 260, 272, 281,297-303, 350 
for measuring lattice strains, 285-296 
precautions in use of, 297-303 

Yield point, residual stresses equal to, 
33, 42, 43, 46-49, 76, 87, 112, 150, 210, 
256, 257, 258, 339 
definition of, 336 
Yield stresses, 110, 136 
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